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Abstract
Abstract
The main aim o f  this thesis was to characterize the perceptual effects introduced by low  bit rate 
spatial audio codecs. The existing m ethodologies used to evaluate spatial audio codecs were 
reviewed and the most important studies conducted to assess the perceived quality o f  spatial 
audio coding system s were compared. It was fomid that spatial audio codecs have been evaluated 
according to ITU-R standards B S .l 116 and B S.1534. These tests evaluate the performance o f  
audio codecs using one perceptual attribute -  basic audio quality (BAQ). This approach, although 
effective in terms o f  the assessm ent o f  the overall performance o f  codecs, does not quantify the 
contribution o f  typical codec distortions to the perceived BAQ  o f  the codecs or allow  for the 
identification o f  independent perceptual attributes that describe the artefacts introduced by spatial 
audio coding systems.
A series o f  experiments was carried out aiming to characterize the perceptual effects introduced 
by low  bit rate spatial audio codecs. Two initial studies were conducted with the intention o f  
investigating the contribution o f  selected attributes to the BAQ  o f  low  bit rate spatial codecs. 
Furthermore, another two experiments w ere performed in order to identify the perceptually salient 
dim ensions or the independent perceptual attributes related to the artefacts introduced by low  bit 
rate spatial audio coding system s.
It was found that impairments related to timbral features o f  the sound are the ones that affect the 
m ost the perceived basic audio quality o f  the codecs. Additionally, two perceptually salient 
dim ensions were identified and labelled as timbral and spatial. M oreover, four independent 
perceptual attributes (coding and high frequency noise, spatial image clarity, scene width and tone 
colour) were uncovered providing a description o f  the perceptual effects introduced by low  bit 
rate spatial audio codecs.
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0 Introduction
0.1 Motivation of the Research
Perceptual audio codecs have becom e popular with the advent o f  networked audio distribution 
and digital audio broadcasting w hich are used in applications such as m usic downloading, 
portable audio devices, game audio, high-definition television (H DTV) and hom e entertainment 
system s. According to Brandenburg (2001) perceptual coding has generated large public interest 
recently. Moreover, multichannel reproduction system s such as the hom e theatre setup are 
increasingly popular and gaining acceptance in household environments. M ultichannel audio or 
surround sound applications, which are defined in this document as “sound system s that carry 
more than two reproduction channels” (Holman, 2000 p 13), demand bit rates that significantly  
surpass the available transmission capacity o f  most broadcasting system s (Herre e t al. 2004b). A s 
a consequence new  schem es for coding multichannel audio, with successively more reduced bit 
rates, are being implemented more w idely.
The perceptual evaluation o f  these multichannel coding formats constitutes an important matter 
for researchers, broadcasters and professionals in the audio field. Therefore, tests on these 
system s have been carried out by many different institutions. The tw o methods com m only  
em ployed in these tests are: International Telecom munication U nion -  Radio Communication 
Broadcasting Services (ITU-R B S) 1116 (1994-1997) in early studies and ITU-R BS. 1534 (2001) 
in more recent research. For example, W ustenhagen et a l (1998) conducted an early experiment 
in w hich they assessed the performance o f  two surround sound codecs with bit rates ranging from 
380 to 640 kbit/s (5.1 channel m ode). The attribute analyzed in this experiment w as basic audio 
quality and ITU-R recommendation B S. 1116 was em ployed as the evaluation method. In a recent 
study, M ason et a l (2007) evaluated the performance o f  ten multichannel audio codecs with bit
1
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rates ranging from 64 kbit/s to 1.5 M bit/s (5.1 channel mode). The ITU-R B S.1534 (M USH RA) 
paradigm was employed to assess the basic audio quality o f  the coding system s. Other similar 
investigations o f  surround sound codecs performance have been done by different researchers 
with a similar approach, using one o f  the aforementioned ITU-R standards to assess the basic 
audio quality o f  the codecs.
B asic audio quality (BA Q ) is a global attribute that accounts for any and all detected differences 
between an unimpaired reference recording and the encoded and decoded stimuli. The use o f  one 
o f  the aforementioned ITU-R standards to assess the B A Q  o f  the codecs is a relatively quick 
approach for the evaluation o f  several codecs at the sam e time. However, it does not tell the 
researcher why a certain codec achieves a better performance than another in terms o f  perceived  
artefacts. Additionally, the aforesaid approach does not allow for the quantification o f  the 
contribution o f  any o f  the typical codec artefacts to the perceived BAQ o f  the coding system s. As 
the BAQ  assessm ent encom passes any and all distortions that can be perceived by the subjects, it 
is not possible to identify w hich specific codec impairments lead the subjects to rate a given  
codec as ‘good’ or ‘bad’ in terms o f  its performance. Furthermore, the above methods do not 
give developers and researchers in the audio coding field enough information concerning about 
the perceptual performance o f  spatial audio coding system s. Codec manufacturers w ould not 
know, for instance, w hich aspects o f  their codecs’ perceptual performance should be improved in 
the case that their system s achieved a bad result in a typical BAQ assessment. Hence, in order to 
get more information about the sonic performance o f  spatial audio codecs more attributes need to 
be incorporated in the listening tests in addition to the BAQ attribute. However, it is difficult to 
determine which attributes should be incorporated in the current listening test methods, since little 
research has been done in terms o f  the characterization o f  the perceived artefacts introduced by 
low  bit rate spatial audio coding system s. Therefore, it is important to explore the sonic 
performance o f  low  bit rate spatial audio codecs beyond the basic audio quality attribute and
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characterize the perceptual degradations introduced by these systems. Once this characterization 
is achieved, recommendations could be made to developers and researchers in the audio coding 
field on how to extend the current methods used to assess the performance o f  low bit rate spatial 
audio codecs.
Based on the above discussion, the need was found for an investigation aim ing to characterize the 
perceptual effects introduced by low  bit rate spatial audio codecs.
0.2 Aims and Scope of the Research
The main aims o f  this investigation can be summarized as follows:
i) To explore the sonic performance o f  low  bit rate spatial audio codecs beyond the basic audio 
quality attribute, and ii) To characterize the perceptual effects introduced by low  bit rate spatial 
audio codecs.
In order to reach the main aims described above, a number o f  objectives were defined 
representing a selection o f  exploratory studies that were designed with the intention o f  addressing 
the aforementioned problem. The objectives o f  this research project were defined as follows:
1. To determine the contribution o f  known selected coding artefacts (band limiting 
effect, pre-echo, ‘birdies’ and spatial distortions) to the basic audio quality o f  low bit 
rate two-channel stereo audio codecs.
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2. To quantify the contribution o f  fidelity attributes (timbral fidelity, frontal spatial 
fidelity and surround spatial fidelity) to the basic audio quality o f  low  bit rate 
multichannel audio codecs.
3. To determine the perceptually salient dim ensions that describe the perceived artefacts 
o f  low  bit rate surround sound codecs.
4. To identify independent perceptual attributes related to artefacts introduced by low  
bit rate multichannel audio coding systems.
The scope o f  this research was limited to low  data rate spatial audio coding system s em ploying  
lossy data reduction. Spatial audio system s are defined here as the ones that create a spatial 
impression to the listener. Two-channel stereo, binaural recordings and surround sound can be 
cited as exam ples o f  spatial audio reproduction system s. Although the first experiment o f  this 
research em ployed two-channel stereo codecs, in order to gain som e initial insight into the 
problem domain, the latter studies were restricted to low  bit rate five-channel surround sound 
codecs. The main reasons for using five-channel multi-channel audio codecs were: i) the 
increasing popularity o f  multichannel audio applications as mentioned above; ii) surround sound 
system s produce a more enhanced spatial impression than two-channel stereo codecs, which is 
highly relevant for this research since spatial attributes can be assessed more easily, and iii) the 
five-channel surround format -  also known as 3/2 stereo -  w hich is shown in Figure 0-1, is the 
only multichannel audio format that is currently standardised. It is worth mentioning that the LFE 
(low  frequency effects) channel w as not used in this research project due to the fact that the 
reproduction o f  the LFE is optional in consumer audio system s (Holman 2000). Furthermore, 
som e multichannel recordings do not contain any information in the LFE channel. Additionally,
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according to R um sey (2001), 5.1 channel mode recordings should normally sound satisfactory 
even when the LFE is not reproduced.
Only spatial audio codecs with low  data rates were analyzed in this thesis. A ccording to Mason  
(2007), the demand for high quality audio coding system s below  256 kbit/s (5.1 channel mode) 
has not yet been fulfilled. These bit rates can be classified as low  since the original bit rate o f  5.1 
channel system s is 4.61 M bit/s (assuming pulse code modulation linear coding with 16 bit 
quantisation and 48 kHz sam ple rate). The use o f  low  bit rates in this research project was also 
justified by the fact that in the experiments conducted in the scope o f  this thesis, the participants 
were asked to assess the influence o f  typical codec perceptual artefacts. Therefore, low  data rates 
were needed in order to make these artefacts clearly audible allowing the listeners to identify 
them.
In this study an effort was made to select representative codecs in terms o f  popularity and also in 
terms o f  range o f  current coding technologies. H ence, only com m ercially available popular 
codecs that are used in applications such as broadcasting, high definition television  (HDTV), 
hom e theatre system s, portable audio devices or computer audio were em ployed in this research 
project. The codec selection process is discussed in more details in Section 1.5.
The sonic performance o f  the codecs was assessed solely  using subjective listening tests. 
Objective measurement methods such as the ITU-R B S 1387 (2001) w ere not used. The main 
reason for not using objective methods was that these methods only provide the B A Q  assessment 
and, as aforementioned, this research project aimed to explore the sonic performance beyond the 
B A Q  attribute analyzing perceptual artefacts introduced by low  bit rate spatial audio codecs.
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Only expert listeners were used in the listening tests conducted in the scope o f  this thesis. The 
choice o f  expert listeners was based on the fact that critical listening skills were needed in order 
to identify and describe coding artefacts introduced by low  bit rate spatial audio codecs used in 
this investigation. It can also be inferred that this is the reason w hy expert subjects have been 
used in m ost o f  the studies involving perceptual audio codecs. This was the approach taken, for 
instance, by researchers such as Souloudre el a l (1998) and M ason e t a l (2007).
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Figure 0-1 The five channel surround format show ing the position o f  left (L), right (R), centre 
(C), left-surround (LS) and right-surround (RS) loudspeakers 
(ITU-R BS. 775 1994)
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0.3 Structure of the Thesis
This thesis describes the research that has been undertaken in order to characterize the perceptual 
effects introduced by low  bit rate spatial audio codecs.
Chapter 1 presents an overview o f  the main technical and perceptual characteristics o f  spatial 
audio codecs. A  brief introduction to techniques for m onophonic coding is presented follow ed by 
a detailed description o f  the processes used for spatial audio coding, hi addition, a comparison o f  
the techniques used to encode and decode spatial information is presented show ing their strengths 
and limitations discussing the relationship between their architecture and their sonic performance. 
Moreover, the m ost representative codecs in terms o f  popularity and also in terms o f  range o f  
current coding technologies are reviewed. A s one o f  the objectives o f  this research is to quantify 
the contribution o f  coding artefacts to the BAQ  o f  low  bit rate spatial audio codecs, the known 
artefacts intrinsic to perceptual audio coding schem es are discussed.
The ITU-R standards B S .l 116 and B S .1534 which are normally used to assess the performance o f  
spatial audio codecs are reviewed in details in Chapter 2. The main tests carried out by other 
researchers on both two-channel stereo and multichannel audio codecs are presented with a 
discussion o f  the m ethodology em ployed and the outcom es o f  these experiments and their 
limitations. Additionally -  as one o f  the objectives o f  this research was to identify independent 
perceptual attributes describing the artefacts introduced by spatial audio coding system s -  this 
chapter discusses elicitation studies conducted by other researchers in order to uncover perceptual 
attributes in the context o f  spatial audio system s. These elicitation studies were analyzed in order 
to verify i f  the attributes elicited by other authors w ould be pertinent to this investigation. 
Experiments performed by other researchers are reviewed and the attribute identification  
processes are discussed.
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Chapter 3 reports the results o f  an experiment that aimed to quantify the contribution o f  four 
selected artefacts (band limiting effect, birdies, pre-echo and spatial distortions) to the basic audio 
quality o f  low  bit rate two-channel stereo audio codecs. A  regression m odel was developed which  
enabled the author to establish the relationship between the selected artefacts and the basic audio 
quality attribute.
Chapter 4 reports experimental work that was conducted in order to unravel the relationship 
between basic audio quality and fidelity attributes (timbral fidelity, frontal spatial fidelity and 
surround spatial fidelity) in low  bit rate multichannel audio codecs. A s in the previous 
experiment, a regression m odel was established w hich enabled the author to quantify the 
contribution o f  the aforementioned fidelity attributes to the basic audio quality o f  low  bit rate 
surround sound codecs.
Chapter 5 describes experimental work aiming to uncover perceptually salient dim ensions related 
to the artefacts generated by low  bit rate surround sound codecs. An experiment based on the 
M ultidimensional Scaling (M D S) technique was conducted and the perceptually salient 
dim ensions were identified and labelled.
In Chapter 6 an experiment based on the Repertory Grid Technique (RGT) is reported. This study 
was carried out in order to identify independent perceptual attributes describing the artefacts 
introduced by low  bit rate multichannel audio coding systems. These perceptual attributes were 
uncovered and labelled.
The content o f  the thesis is summarized in Chapter 7 and the main conclusions that can be drawn 
from the experiments undertaken are restated. Som e possible future directions o f  this research are 
indicated.
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0.4 Original Contributions of the Research
The research that has been undertaken in the scope o f  this thesis has led to a number o f  original 
contributions to the field o f  perceptual audio coding evaluation. The major contributions are 
outlined below.
The contributions o f  four selected artefacts (band lim iting effect, ‘birdies’, pre-echo and spatial 
distortions) to the basic audio quality o f  low  bit rate two-channel stereo audio codecs was 
determined. It was found that band limiting effect and pre-echo affected the B A Q  o f  the codecs 
more than ‘birdies’ and spatial distortions.
The contributions o f  timbral fidelity, frontal spatial fidelity and surround spatial fidelity to the 
basic audio quality o f  low  bit rate surround sound codecs was quantified. It was found that the 
basic audio quality o f  low  bit rate multichannel audio codecs was more affected by timbral 
fidelity rather than by the spatial attributes.
It was also found that the quality impairments caused by low  bit rate multichannel audio codecs 
are not perceptually orthogonal (independent).
Two perceptually salient dim ensions describing the artefacts generated by low  bit rate 
multichannel audio codecs were identified and their overall importance was quantified. The most 
important dim ension was associated w ith timbral characteristics o f  the stimuli used in the study, 
whereas the other dim ension uncovered might have been related to spatial aspects o f  the codecs 
used in the experiment.
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Four independent perceptual attributes describing the degradations introduced by low  bit rate 
surround sound codecs were identified and their overall importance was quantified. These were: 
‘coding and high frequency n o ise’, w hich w as the most important, follow ed by ‘spatial image 
clarity’, ‘scene w idth’, and ‘tone colour’.
Based on the results o f  each experiment conducted, another contribution o f  this research can be 
found in Section 7.3.1 o f  this thesis and comprises som e recommendations for codec designers. 
These recommendations include a lexicon o f  attributes that could be used for the assessment o f  
spatial audio codecs as w ell as som e suggestions concerning aspects o f  audio quality that should  
be taken into consideration by the developers w hen designing spatial audio coding systems.
It is hoped that the outcom es o f  this research project can lead to advancements in the field o f  
audio coding.
0.5 Summary
This introductory chapter described the main motivations that led to the research reported in this 
thesis. The need for an investigation aiming to describe the sonic performance o f  low  bit rate 
spatial audio codecs beyond the basic audio quality w as determined and a number o f  different and 
novel approaches w ere carried out aiming to achieve a more detailed characterization o f  the 
perceptual effects introduced by low  bit rate spatial audio coding systems. In addition, the scope 
and the limitations o f  this investigation w ere determined with the boundaries o f  the research 
project being established. The structure o f  the thesis was explained and the main original 
contributions o f  this research were summarized.
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1 Overview of the Main Technical and Perceptual
Characteristics of Spatial Audio Codecs
1.1 Introduction
This chapter considers the main technical and perceptual characteristics o f  spatial audio codecs. 
Another important aspect that is going to be addressed in the follow ing sections is the w ay spatial
information is represented in spatial audio coding system s. In addition, the m ost popular spatial
audio codecs are described and compared in this chapter. The follow ing research questions w ill 
be addressed in this chapter:
1) What are the technical principles o f  operations o f  perceptual audio codecs?
2) What are the specific technical principles o f  spatial audio codecs?
3) H ow  is spatial information represented in low  bit rate audio codecs?
4) What are the most popular multichannel audio codecs and why?
5) What are the known coding artefacts inherent to spatial audio coding systems?
6) What are the physical processes that g ive rise to certain coding artefacts?
7) W hich studies have been conducted in order to quantify the perceptual importance o f  coding 
artefacts?
The answers for the aforementioned questions are important for this project since they are 
em ployed in several tasks related to the aims o f  this investigation (see Section 0.2) such as: 
choice o f  spatial audio codecs for the experiments o f  this research and selection o f  known
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artefacts for the experiment that aims to quantify the contribution o f  selected artefacts to the basic 
audio quality o f  low  bit rate spatial audio codecs.
1.2 Generic Perceptual Audio Coding Structures
The need for audio com pression technologies is based mainly on the fact that w hile the 
cumulative bandwidth for the transmission o f  audio signals is growing every year, the demand is 
increasing even more quickly (Brandenburg 1998).
Although there are many different audio com pression or coding techniques, they can be divided  
in two categories: lossless coding and perceptual (lossy) coding, h i lossless coding, the original 
data can be reconstructed faultlessly by the decoder and no degradation o f  the audio quality takes 
place. However, lossless coding is generally restricted to compression factors in the range o f  2:1. 
These com pression factors can be considered insufficient since, as already m entioned, surround 
sound applications demand bit rates that significantly surpass the available transmission capacity 
o f  m ost broadcasting system s (Herre e t al. 2004b).
hi perceptual coding techniques higher com pression ratios can be achieved. Som e o f  these coding  
strategies are capable o f  reducing the data by a factor o f  10 or more. Here, the data reconstructed 
after the coding process is not the sam e as the source data. According to Pohlmann (2005, p 315), 
in perceptual coding “physical identity is w aived in favour o f  perceived identity” w hich means 
that the content that is reconstructed after the encoding and decoding processes is not the same as 
the original content but should be perceived without any noticeable differences.
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The data reduction in lossy coding is achieved with the use o f  a psychoacoustical model o f  the 
human auditory system. The aim o f  the codec -  w hich is an acronym for encoder-decoder -  is to 
detect and rem ove signal components that are not easily perceived by the human auditory system. 
Thus, perceptually irrelevant information can be removed and fewer bits can be transmitted in 
this process. The m ost important coding goal for codec designers is to place the unwanted 
quantization noise in parts o f  the signal spectrum where it w ill not influence the fidelity o f  the 
original signal. Bit rate reduction can then be achieved ideally without the introduction o f  audible 
distortion (B osi and Goldberg 2003).
The psychoacoustic m odel o f  the auditory system used in perceptual coding is based on the 
masking phenomenon. M asking is defined by M oore (2003, p 65) as “the process by w hich the 
threshold o f  audibility o f  one sound is raised by the presence o f  another”. The phenomenon -  
w hich occurs when two or more pure tones are heard together -  is more noticeable when a 
particular tone becom es more difficult or im possible to perceive; it is partially or fully ‘masked’, 
due to the presence o f  another tone. The tone causing the masking is known as the ‘masker’ and 
the tone w hich is masked is called ‘m askee’ (Howard and Angus 1999). The perceptual coding 
m odel determines the masking threshold. The audio information is then coded at a lower 
resolution reducing the data rates but in such a w ay that the increased quantizing noise is 
constrained to lie under the masked threshold. Figure 1-1 shows a generic m odel o f  a perceptual 
audio codec.
Chapter 1: Overview of the Main Technical and Perceptual Characteristics of Spatial Audio Codecs
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Figure 1-1 Generic m odel o f  a Perceptual Audio Codec 
(Painter and Spanias 2000)
It is important to mention that in stereophonic and surround sound system s, in w hich the sound 
sources are perceived from different directions, the masking phenomenon can be considered 
effective but more limited because it only works m axim ally when the tw o sounds are perceived  
from a single direction. Furthermore, stereophonic and surround sound system s contain additional 
spatial information that needs to be encoded. A lso, according to Watkinson (2004), the 
psychoacoustic masking m odels can give rise to spatial artefacts when used in multichannel 
system s. Therefore, codec designers started to develop other coding techniques that could encode 
and decode spatial information more efficiently. These are described in the next sections.
1.3 Perceptual Coding of Spatial Information
In order to achieve greater efficiency when coding several audio channels i.e. stereo or 
multichannel material, new techniques had to be developed. These had to take into account the 
spatial aspects o f  the human auditory system, hi order to evaluate spatial audio codecs it is 
important to understand the w ay the spatial information is treated in these system s. Therefore, 
these schem es are reviewed in the follow ing sections.
14
Chapter 1: Overview of the Main Technical and Perceptual Characteristics of Spatial Audio Codecs
1.3.1 Joint Stereo Coding Techniques
The schem es derived from joint stereo coding techniques were used mainly in the early codec 
standards. The primary goal o f  these techniques (see Figure 1-2) was to enable perceptually 
unimpaired coding o f  stereo and multichannel audio signals (Herre 2004). This was achieved by 
identifying and removing redundancies found between channels. The two m ost w ell known joint 
stereo coding schem es are M id/Side (M /S) coding and Intensity Stereo Coding (ISC).
In the mid and side (M /S) coding system , an operation is carried out in order to convert the two 
channels into a sum and difference channel pair. The sum and difference signals are quantized 
and coded jointly rather than being processed separately. The operation is performed on the 
spectral coefficients by removing the redundancy between channels through frequency selection. 
In the specific case o f  multichannel system s, the M /S schem e is applied to channel pairs 
arranging them in a symmetrical way.
Another technique that aims to reduce inter-channel redundancy is the so-called Intensity Stereo 
Coding (ISC). According to Blauert (1997), it is through the analysis o f  the energy-time 
envelopes rather than the waveform that high frequency sound components are perceived. The 
intensity stereo coding (ISC) technique relies on the cited theory. This technique w hich is also 
known as ‘dynamic cross-talk’ and ‘channel coupling’ reduces the redundancy betw een signals at 
high frequencies. In ISC, one com m on set o f  spectral values that carries information from two or 
more audio channels (in multichannel system s) is transmitted. The ‘carrier signal’ is then scaled 
to a desired target level w hich is processed individually for each frequency band in order to 
preserve its original energy envelope. D espite the fact that ISC can achieve good results in terms 
o f  data rate reduction, it can also g ive rise to stereo im aging degradations o f  certain types o f  audio 
signals (Herre e t al. 2004b). A ccording to Erne (2001) these artefacts also known as Toss o f
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stereo im age’ occur when transient signals with dissimilar envelopes in different channels are 
processed. These artefacts are highly relevant for this investigation and are going to be discussed  
in m ore details in the section about known coding artefacts.
audio fn 
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Figure 1-2 Generic m odel o f  the joint stereo encoding schem e 
(Herre 2004)
1.3.3 Parametric Coding of Spatial Audio
The need for an improvement o f  the joint stereo coding techniques led to the developm ent o f  
parametric coding system s. Here, the audio signals are downmixed to either one or two channels, 
and transmitted along with a small amount o f  side information that is used to recover the original 
channel signals (see Figure l -3). The main feature o f  the parametric coding system s is that they
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can calculate important information related to parameters such as inter-channel level difference 
(ICLD), inter-channel time difference (ICTD), and inter-channel coherence (ICC). These 
parameters constitute an important guide regarding the spatial characteristics o f  the original 
signals (Faller 2004). Furthermore, lower bit rates without noticeable audio quality degradations 
can be achieved w ith these schem es i f  compared to traditional spatial audio codecs. Som e o f  the 
derivations o f  the parametric schem es are reviewed in the follow ing paragraphs.
Stereo or 
Multichannel • 
Input
Figure 1-3 General m odel o f  the parametric coding schem e 
(Breebart et al. 2005a)
Binaural Cue Coding (BCC) is a schem e developed for coding o f  stereo and multichannel audio 
signals w hich exploits relevant spatial cues in order to achieve efficient data rate reduction and 
spatial rendering (Faller and Baumgarte 2002) (Faller and Baumgarte 2003). The m ost relevant 
cues that are transmitted in the BCC schem e are the aforementioned inter-channel level 
differences, inter-channel time differences and inter-channel coherence or correlation. According 
to Baumgarte and Faller (2002), the BCC schem e is able to overcom e som e o f  the limitations 
found in Intensity Stereo Coding. The Binaural Cue Coding method (see Figure 1-4) is described
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by Herre (2004) as a generalisation o f  the aforementioned parametric coding idea. In BCC, the 
input signals o f  the audio channels are generally downtnixed into a single channel which is 
known as the sum signal. In parallel, the aforementioned spatial cues are coded as BCC side 
information. After that, both the sum and the side information are transmitted to the decoder. The 
BCC decoder then re-synthesizes the channel signals containing the spatial parameters and 
recreates the multi-channel output signals.
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Figure 1-4 The BCC coding schem e 
(Faller and Baumgarte 2003)
The BCC schem e can achieve ‘good quality’ at data rates as low as 64 kbit/s for 3/2 stereo 
system s (Herre et al. 2004b). In addition the BCC paradigm can be generalized and more audio 
channels can be downmixed and transmitted from the encoder to the decoder. This generalisation 
o f  the BCC schem e is also known as Spatial Audio Coding (SAC). SAC is backward compatible 
with the m ost o f  the previous coding schem es w hich can be useful when updating existing 
distribution infrastructures. A s with BCC, SAC works by representing the signals containing the 
original spatial image using a set o f  parameters. These parameters normally include intensity and
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tim e differences, as w ell as correlation and coherence between the channel signals. In parallel, as 
opposed to transmitting a single channel such as in the BCC approach, a downmixed signal 
including more than one channel is created and transmitted to the decoder along with the cues 
containing the aforementioned parameters (see Figure 1-5). The SAC approach is considered by 
V illem oes et a l (2006) as an improvement o f  other known techniques, being defined as 
“a generalization o f  parametric stereo to multichannel application, and an extension o f  the 
Binaural Cue Coding schem e” (V illem oes e t al. 2006, p 1).
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Figure 1-5 Spatial Audio Coding 
(Breebaart e t at. 2005b)
1.4 Other Relevant Coding Techniques
There are som e other techniques that -  although not considered as being major ones -  are used 
along w ith som e o f  the principal coding technologies in order to enhance the performance o f  
perceptual audio codecs at very low  bit rates. It is worth describing these techniques since they
19
have been associated with known coding artefacts by authors such as Liu et a l (2006). Given that 
one o f  the objectives o f  this research project is to quantify the contribution o f  known coding 
artefacts to the BAQ o f  low bit rate spatial audio codecs (see Section 0.2) these techniques are 
described in the next sections.
1.4.1 Spectral Band Replication
The schem e known as Spectral Band Replication (SB R ) enables an increase o f  the bit rate 
reduction factor by up to 40%. This technique (see Figure I -6) aims to improve the performance 
o f  perceptual audio codecs by exploiting the high level o f  correlation that is typically found 
between the low  and the high frequency content o f  the audio signals (D ietz and Meltzer 2002). In 
the SBR schem e the core codec encodes only the lower frequency content. At the decoder, this 
lower frequency content along with ancillary data found in the encoding process is used to 
synthesize the higher frequency content at the decoder.
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Figure l -6 The Spectral Band Replication (SBR) scheme 
(Kunz 2007)
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1.4.2 Karhunen-Loeve Transform (KLT)
The Karhunen-Loeve Transform (KLT) is an encoding algorithm related to the downmix  
procedures applied in schem es such as parametric coding. The main goal o f  KLT is to remove 
interchannel redundancy o f  multichannel audio signals. Here, the encoded signals are statistically 
independent and ordered in a hierarchical w ay according to the variance (energy) o f  the channels. 
Jiao e t a l (2007) have proposed a hierarchical bandwidth limitation method based on KLT. This 
m ethod aims to reduce the bandwidth needed for multichannel audio transmission and, according 
to Jiao e t a l (2007), can be used to reduce the overall bandwidth o f  surround sound codecs 
without significant audio quality degradation. They state that i f  the overall bandwidth is limited 
by approximately 30%, KLT can achieve satisfactory results. N onetheless, in a recent study 
conducted by Liu et a l (2006), the KLT schem e was associated with coding artefacts, such as tone 
leakage and tone modulation (see Table 1-2). These are going to be discussed in details in the 
section about known coding artefacts.
1.5 Multichannel Audio Coding Systems
A  number o f  multichannel audio codecs have been developed in order to code and transfer 
multichannel sound. These may vary in aspects such as bit rate reduction capability and spatial 
coding technique employed. The review  o f  these codecs is an essential aspect o f  this investigation  
as the main goal o f  this research is to describe the perceptual effects introduced by these systems. 
F ollow ing Table 1-1 -  w hich show s the m ost popular codecs available -  a comparison covering 
both the data rate range for 5.1 channel m ode and the strategies for coding spatial information is 
made. L ossless coding system s are disregarded since they are not within the scope o f  this project.
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MPEG stands for M oving Pictures Expert Group and its standards can be considered a benchmark 
in terms o f  multimedia applications. The most w idely used two-channel stereo codec in the 
consumer field is undoubtedly the MPEG-1 layer-3 (Brandenburg 2001), w hich is popularly 
known as M P3. Regarding multichannel reproduction, the first MPEG format w ith this sort o f  
capabilities was M PEG-2. The first version o f  this format was the so-called M PEG-2 BC  
(backwards compatible). It had this name because it was backward compatible with MPEG-1. 
This system was based on an encoder matrix in w hich the surround and the centre channels were 
allocated to the left and right channels in order to be compatible with MPEG-1 structures. One o f  
the problems with this format was that it required high data rates, in the range o f  640-896 kbit/s in 
order to achieve reasonable quality (ISO/IEC JTC1/SC29/WG11 N 1229 1996). This issue was 
related to its backward compatibility features (R um sey 2001).
The second version o f  the M PEG-2 standard with multichannel capabilities was the so-called  
A dvanced A udio Coding (A AC ). This system  was developed with the aim o f  achieving -  as 
defined by the International Telecom m unication U nion Radio Communication Bureau (ITU-R) 
(ITU-R Document TGIO-2/3- E only 1991) -  ‘indistinguishable’ audio quality for multichannel 
system s at data rates o f  384 kbit/s (B osi et al. 1997). Here the coding techniques em ployed are 
the aforementioned joint stereo ones: ISC (intensity stereo) coding and M /S (m iddle/side) coding. 
The A A C  takes advantage o f  inter-channel redundancy and -  due to the fact that it is not 
backward compatible with MPEG-1 system s -  can achieve good quality at lower bit rates 
(Rum sey 2001). hi a listening test performed by B osi et a l (1997), the A A C  achieved so-called  
‘indistinguishable’ audio quality at 320 kbit/s. Furthermore, another version o f  the MPEG  
standard, the so-called M PEG-4 H igh-E fficiency A A C  (HE A A C ) -  also known as aacPlus -  is a 
system that com bines three aforementioned coding technologies: advanced audio coding, 
parametric stereo coding and spectral band replication. In an experiment conducted by the Institut
22
Chapter 1: Overview of the Main Technical and Perceptual Characteristics of Spatial Audio Codecs
fur Rundfunktechnik (IRT) in Germany, the aacPlus operating at 160 kbit/s outperformed other 
formats functioning at higher bit rates (M eltzer and M oser 2004).
A s previously mentioned the so-called MP3 is the m ost popular two-channel stereo audio codec. 
The extension o f  this format is known as MP3 Surround which was developed for backward 
compatibility with stereo MP3 decoders. Here, the main technology em ployed was the 
aforementioned Binaural Cue Coding. The system achieved ‘good quality’ for multichannel 
reproduction at data rates o f  192 kbit/s (Herre e t ah 2004a). The latest standardisation activity o f  
the M PEG, however, is the MPEG Surround codec. This system relies on SAC technique which 
was already explained above in Section 1.3.3. A s previously stated, MPEG Surround has been 
developed with the intention o f  coding multichannel audio signals at bit rates comparable to the 
ones that were being used in mono and stereo system s (V illem oes 2006). Brandenburg (1999), for 
instance, states that two-channel stereo MP3 formats can achieve so-called ‘good quality’ 
operating at 128 kibt/s whilst, according to Herre et a l (2004b), the MPEG surround codec has 
show n the capability o f  reproducing ‘good quality’ operating at 64 kbit/s for 5.1 system s. Figure 
1-7 show s a comparison between the bit rate requirements o f  SAC and the other MPEG formats.
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M ultichannel A udio C odecs Lowest bit rates supported  
for 5.1 channel m ode (kbit/s)
Spatial C od in g  T echnique
MPEG - 2 Advanced Audio 
Coding (AAC)
64 Joint Stereo Coding
MPEG 4 - High Efficiency  
Advanced Audio Coding  
(AACplus)
64 Parametric Coding and 
Spectral Band Replication
MP3 Surround 192 Binaural Cue Coding
MPEG Surround 64 Spatial Audio Coding
Dolby Digital (A C-3) 224 Channel Coupling
Digital Theatre System (DTS) 192 Joint Coding
W indows Media Audio 128 M id/Side coding
Table 1-1 The most popular multichannel audio coding systems
Other non-MPEG systems have becom e very popular due to their popularity in applications such 
as the cinema or game audio. D olby Digital which is also known as A C-3, for instance, was 
developed for applications such as the cinema and High Definition Television (H DTV). It is also 
the first perceptual codec specifically designed for multichannel audio (Todd et al. 1994). In 
order to encode and decode multichannel signals, the AC-3 relies on two techniques. One o f  them 
is called rematrixing and is very similar to the M/S stereo coding (see Section 1.3.1). In 
rematrixing, redundancies among pairs o f  channels are exploited and correlated channel spectra 
are coded rather than the original content.
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Figure 1-7 Bit rates required for ‘good quality’ in MPEG formats in 5.1 channel mode
systems 
(Herre et al. 2004b)
The other multichannel coding technique em ployed in the AC-3 codec is the so called channel 
coupling. This technique is based on a psychoacoustic principle that states that the human ear 
does not perceive signal phase at frequencies above 3 kHz, being sensitive to signal amplitude 
only (Y ost and Gourevitch 1987). Signal frequencies above 3 kHz are converted into a single 
mono sum signal containing the spatial information. The multichannel content is then 
reconstructed at the decoder (Vernon 1995). Although the AC-3 is normally used in multichannel 
applications (5.1 channel mode) at 320-384 kbit/s, it can support data rates ranging from 224-640  
kbit/s. According to the aforementioned test performed by the IRT, the AC-3 demonstrated a 
lower audio quality at 384 kbit/s than the aacPlus at 192 kbit/s (Meltzer and Moser 2004).
Another system developed for applications such as the cinema and home theatres is the Digital 
Theatre System (DTS). Although the DTS codec can operate over a w ide range o f  bit rates (from  
192 kbit/s up to 4.096 kbit/s) it is normally used at 754 or 1235 kbit/s for multichannel audio 
reproduction. The coding o f  the multiple channels is achieved by a joint coding schem e which is
MPEG-2 Layer-3 MC MPEG-4 M C  (2000) MPEG-4 HE-AAC Spatial Audio Coding 
(1994) (2004)
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a multichannel variation o f  the joint stereo coding process. Here, both techniques described in 
Section 1.3.2 (intensity stereo and sum /difference coding) are applied to encode and decode the 
multichannel signals.
Another codec that became very popular especially for game audio and online sites is the so- 
called W indows M edia A udio (W M A). W M A can encode 5.1 audio at bit rates ranging from 128 
to 768 kbit/s. The coding o f  the spatial information is based on the mid and side (M /S) scheme 
described in Section 1.3.2. (M icrosoft Corporation 2007).
1.6 Known Coding Artefacts
Listening tests are known as one o f  the m ost appropriate tools for measuring the performance o f  
perceptual codecs. However, codec evaluation is not an easy task. B osi and Golberg (2003, p 
255), for instance, pose the follow ing question: “What are w e listening for?” It is known that 
deficiencies in the coding process can cause som e audible artefacts such as changes in timbre, 
bursts o f  noise, shifting in the original stereo imaging, and spatially unmasked noise (Pohlman 
2005). In order to define more accurately these effects, the Technical Committee on Audio 
Coding o f  the Audio Engineering Society published in 2001 a tutorial CD-ROM  entitled 
“Perceptual Audio Coders: What to Listen For” (Erne 2001). This CD-ROM  was developed for 
educational purposes with the intention o f  giving a detailed explanation on the coding artefacts. 
Other authors such as Liu e t a l (2006) have discussed these distortions, but little research has 
been conducted to quantify the contribution o f  these artefacts to the basic audio quality o f  
perceptual audio codecs. In the next sections, artefacts inherent to perceptual audio codecs that 
were identified by researchers such as Erne (2001) and Liu et a l (2006) are presented (see Table 
1-2). The list o f  artefacts provided is not exhaustive as the codecs discussed here are the ones
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identified by the aforementioned researchers. However, creating such a list forms an essential part 
o f  this project since one o f  the main goals o f  this investigation is to characterize the perceptual 
effects introduced by low  bit rate spatial audio codecs.
1.7 Common artefacts
Som e artefacts can be perceived in the majority o f  the coding system s. The follow ing section  
comprises a brief review  o f  them. It is important to mention that, due to the fact that little research 
has been conducted on the identification and classification o f  perceived coding artefacts, some 
authors such as Erne (2001) and Liu et a l (2006) com m only em ploy technical terms such as 
‘bandwidth limitation’ and ‘tandem coding’ when referring to coding artefacts rather than using 
perceptual terms.
1.7.1 Pre-echo
The pre-echo artefact is related to the masking phenomenon and occurs when long blocks o f  
information are processed. The quantization noise may spread before the onset o f  the masker 
signal in a tim e region that is not masked and a perceptual effect such as a ‘double attack’ can be 
heard (B osi and Goldberg 2003). Pre-echo effects are more likely to be perceived in signals with 
sharp attacks such as castanets or triangles. In addition, the effect in question can also be 
noticeable when the sound attack is preceded by a pause or by a signal w ith a very low  energy 
(Erne 2001). Although som e techniques have been em ployed in order to mitigate pre-echo, the 
artefact has been taken into account in recent tests with spatial audio codecs (M ason 2007).
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1.7.2 Birdies
The ‘birdies’ artefact is related to processes such as high frequency (HF) bit allocations and 
excessive masking energy estimation (Liu e t al, 2006). Here, when the masked threshold varies 
from frame to frame, different bit assignments occur. Consequently som e HF spectral coefficients 
may appear and disappear w hich can lead to a sound similar to a chirp, hence the name ‘birdies’ 
(B osi and Golberg 2003). Although the ‘birdies’ artefact has only been associated with two- 
channel stereo codecs, results o f  som e experiments carried out in the context o f  this investigation 
(see Chapter 6) show  that this artefact is also noticeable in surround sound system s.
1.7.3 Artefacts due to Bandwidth Limitation
A s previously stated, bit rate constraint is the main goal o f  perceptual audio coding systems. 
Therefore, in order to achieve low  data rates, m ost perceptual audio coding system s work by 
reducing the bandwidth o f  the original content and consequently som e signals at high frequencies 
are lost. However, the timbral characteristics o f  som e sounds depend strongly on their frequency 
content. The absence o f  som e high frequency content can be perceived as a ‘m uffled’ sound and 
this effect is related to the so-called band limiting artefact. A s the results o f  the experiments 
conducted in the scope o f  this project show  (see Chapters 3, 4, 5 and 6), this effect is comm only 
perceived in both two-channel and surround sound codecs.
1.7.4 Artefacts due to Tandem Coding
This phenomenon is related to the recurrent cycles o f  encoding and decoding that might occur to 
the audio content due to broadcasting necessities. Different bit rates and coding system s are
28
Chapter 1: Overview of the Main Technical and Perceptual Characteristics of Spatial Audio Codecs
com m only em ployed at different stages o f  the transmission o f  the audio content (post-production, 
distribution, and archiving). In each one o f  these operations, the spectral representation o f  the 
original signal is slightly altered. Therefore, the so-called coding noise can be heard after these 
processes. The listening tests performed on cascaded audio codecs by Marston and M ason (2005) 
assessed the basic audio quality o f  various cascaded codecs. One o f  the main conclusions o f  this 
experiment was that each consecutive stage in tandem coding give rises to artefacts related to 
coding noise.
1.8 Spatial Distortions
According to B osi and Goldberg (2003), artefacts related to spatial features o f  the sound may 
arise in the coded version o f  multichannel audio signals. However, little research has been 
conducted in order to analyze spatial artefacts in the context o f  perceptual audio codecs. 
Chapter 4  o f  this thesis describes an 'experiment that intended to quantify the contribution o f  
surround spatial fidelity and frontal spatial fidelity to the basic audio quality o f  multichannel 
audio codecs.
Concerning two-channel stereo system s, Erne (2001) describes an effect called Toss o f  stereo 
im age’ w hich is related to the joint stereo coding techniques (see Section 1.3.1). Although B osi 
and Goldberg (2003) stated that the mid and side (M /S) coding schem e appears to be lossless in 
terms o f  coding artefacts, Erne (2001) affirms that the Intensity Stereo Coding (ISC) technique 
m ay introduce som e spatial distortions that becom e particularly noticeable at low  bit rates. This 
occurs when after the coding process, the original allocation o f  the envelope onsets between the 
coded channels cannot be recovered properly. Therefore a ‘cross-talk’ between the channels takes 
place leading to a loss o f  the original stereo image. The perceived stereo image may also collapse
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into the centre position. According to Erne (2001) this phenomenon -  like the pre-echo one -  
constitutes a major problem only for transient signals. It is important to mention that this artefact 
although reported in an experiment with two-channel system s is very likely to be perceived in 
surround sound formats, since som e variations o f  joint stereo schem e (see Section 1.5 ) are 
com m only em ployed in modern multichannel audio codecs.
1.9 Artefacts Inherent to Spectral Band Replication
A s aforesaid, the technology known as Spectral Band Replication (SBR) was developed in order 
to improve the performance o f  audio codecs by exploiting the similarities between the high and 
low  frequency structures o f  audio signals. This m ethodology, although considered efficient in 
terms o f  bit rate reduction (Soulodre and Lavoie 2004), was associated with specific coding  
artefacts in a recent study conducted by Liu et a l (2006). In this study Liu et a l  (2006) described 
the artefacts in details but did not present any results o f  listening tests that could be useful in 
order to determine the contribution o f  these artefacts to the BAQ o f  the codecs. A  description o f  
these artefacts is provided in the follow ing section along with a discussion concerning the 
perceptual effects that are related to them.
The ‘tone trem bling’ effect is related to the HF content replication process that takes place at the 
decoder side o f  the SBR scheme. The constant replication o f  the HF content can cause spectra 
discontinuity and therefore undesired changes in the original signal might occur. These changes 
are not perceived by the auditory human system  in noise-like signals but are very noticeable in 
tone-rich signals, such a flute. A  sparkling sound is then heard, hence the name trembling.
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A s described in Section 1.4.1 the SBR  schem e exploits the correlation found between the low  and 
the high frequency content o f  the audio signals and recreates the original HF content. D ifferences 
between the original signal and the HF recreated signal are likely to occur and consequently som e 
tones are lost. The noise-floor overflow  artefact occurs when som e noise floor can be noticed due 
to the loss o f  som e tones in the recreated content. Thus, a fizzy sound can be heard, particularly in 
signals with a strong tonal content such as glockenspiel. Another artefact that may occur due to 
the SBR  processing is the so-called tonal spike. This artefact can be perceived as a metallic 
sound.
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In the SBR method, pseudo rhythm can be generated and heard as a vibrating sound when there is 
mutual interference between tw o close tones. This happens specifically after the band replication 
process, when one original sound is follow ed by another one from low  band.
1.10 Artefacts Inherent to Downmixing Procedures
A s previously described, downm ixing is a com m on procedure in most o f  the spatial coding 
system s. However, little research has been done in order to measure the incidence o f  artefacts 
resulting from this procedure. Z ielinski e t a l (2005), for instance, investigated the perceptual 
effects o f  dowm ixing procedures. Furthermore, the study conducted by Liu e t a l (2006) stated 
that som e artefacts can be related to coding techniques that em ploy downm ixing process such as 
Parametric Coding and Karhunen-Loeve Transform (KLT). These two aforementioned 
experiments were limited in the follow ing aspects. The study conducted by Zielinski et a l (2005) 
involved only two artificially processed downm ixing processes, but not audio codecs. The 
experiment carried out by Liu e t a l (2006), although involving audio codecs, did not attempt to 
quantify the contribution o f  artefacts related to dowm inxing procedures to the BAQ  o f  the codecs.
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H ence, it can be inferred that further experimentation is needed in order to provide a more 
thorough characterization o f  the degradations related to downm ixing procedures in spatial audio 
codecs.
One o f  the artefacts related to downm ixing procedures w as described by Liu et a l (2006) as tone 
leakage. This artefact occurs in two different ways. The first type o f  tone leakage is particularly 
associated with the parametric coding scheme. Here a tone in one channel leaks to another 
channel. The second type o f  tone leakage is related to both the parametric coding and the 
Karhunen-Loeve Transform (KLT) methods. In this phenomenon, a tone entirely disappears in 
one o f  the channels during the coding process. In the first type o f  tone leakage, the monaural 
signal that carries the information o f  all o f  the other channels can be responsible for leaking 
undesired information due to inconsistencies in the upmixing procedure whereas in the second 
type o f  the cited artefact the data reduction algorithm tend to sacrifice the channel with less 
content, especially when there is a great difference in terms o f  energy betw een the channels (Liu 
e t al. 2006).
Liu e t a l (2006) describe another artefact associated with the KLT scheme. This is the tone 
modulation effect w hich can be perceived as a click. This artefact is related to connection 
discontinuities o f  adjacent spectrums o f  the monaural signal that might occur in hierarchical 
processing inherent to the KLT method.
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A rtefact P erceptual
E ffect
Physical Process
Pre-echo D ouble
Attack
- Inadequate block processing
Band Limiting  
E ffect
M uffled - Bandwidth limitation
Birdies Chirp - Unsuitable HF bit allocation policies
- M odulation o f  spectral coefficients
Loss o f  Stereo 
Image
Change in 
direction 
or
narrowing 
o f  original 
spatial 
image
- Inconsistencies o f  the Intensity Stereo Coding 
schem e
Tandem Coding Coding
noise
- R e-encoding and decoding processes
Tone Trembling Sparkling
sound
- Inconsistencies o f  the SBR schem e
N oise  Floor 
Overflow
D ull sound - Inconsistencies o f  the SBR schem e
Tonal Spike M etallic
sound
- Inconsistencies o f  the SBR schem e
Beat Effect Pseudo
rhythm
(vibrating
sound)
- Inconsistencies o f  the SBR schem e
Tone Leakages Change in 
direction or 
narrowing 
o f  original 
spatial 
image
- D ow nm ixing procedure in Parametric Coding
- D ownm ixing procedure in KLT
Tone
M odulation
Click - D ow nm ixing procedure o f  the KLT in Parametric 
Coding
Table 1-2 Summary o f  the artefacts inherent to perceptual audio codecs 
Inspired by Liu et a l (2006)
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1.11 Summary
This chapter overviewed the main principles behind perceptual audio coding system s as w ell as 
the characteristics o f  the m ost w idely used multichannel audio coding systems.
It w as found that the pioneering approaches taken in order to achieve data reduction in perceptual 
audio codecs relied mainly on psychoacoustic masking models. Although relatively efficient, 
these methods could not be considered adequate when applied to stereophonic and surround 
sound systems.
The main reason for this w as that the bit rate needed for achieving the so-called ‘good quality’ 
tended to be much higher when these m odels w ere applied to spatial audio coding system s. Thus, 
new  techniques were developed in order to encode and decode the spatial information more 
efficiently. The m ost popular techniques em ployed in early codecs were the joint stereo coding 
schem es. Although w idely used (especially in the early versions o f  the MPEG standards), these 
techniques w ere found to be responsible for introducing audible spatial distortions (see Section  
1.8). The next step in the evolution o f  multichannel audio coding led to the parametric coding 
schem es and their derivations. The most important feature o f  these methods is the way they 
represent the spatial information. These schem es can isolate and transmit spatial information with 
higher fidelity than the early technologies. This is achieved with the calculation o f  parameters 
such as inter-channel level difference, inter-channel time difference, and inter-channel coherence.
The m ost popular multichannel audio codecs were reviewed in this chapter. The main features 
and the applications o f  these system s w ere discussed. It was found that the m ost significant 
surround sound codecs are: MPEG Surround due to the fact that this system can achieve very low
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bit rates w hile maintaining high quality and is based on the Spatial Audio Coding technique; 
MPEG 4 - High E fficiency Advanced A udio Coding (AACplus) because this system combines 
three different coding schem es (A AC , SBR and Parametric Coding); DTS and AC-3 due to the 
fact that these codecs are the m ost w idely used in applications such as the cinema, home theatre 
and HDTV; W M A due to its popularity in computer applications. The relevance o f  this 
information for this study lies in the fact that in order to characterize the perceptual effects o f  
spatial audio codecs it is important to define and choose the m ost representative systems 
available, since due to time constraints it is not possible to evaluate all existing system s.
The known coding artefacts inherent to perceptual audio coding system s were presented here. It 
was found that artefacts such as pre-echo, band limited effect, birdies, and tandem coding can be 
classified as being inherent to m ost o f  the perceptual coding system s whereas distortions such as 
loss o f  original stereo im age, tone trembling, noise floor overflow, tonal spike, beat effect, tone 
leakages, and tone modulation can be associated with specific perceptual audio coding schem es 
such as SBR or intensity stereo coding (see Table 1-2).
It was also found that although the aforementioned artefacts have been identified by researchers 
in  the audio coding field, little has been done in order to quantify the contribution o f  these 
artefacts to the basic audio quality o f  perceptual audio codecs. Moreover, little research has been 
carried out w ith the intention o f  investigating whether these artefacts are noticed by listeners or 
how  they m anifest them selves in perceptual terms. A lso , som e o f  the artefacts presented in this 
chapter can be associated with technologies used specifically in spatial audio coding systems. 
H ow ever, up to this research project, there have not been any studies concerning the subjective 
effects o f  coding artefacts in spatial audio codecs. The reason for this may be related to the fact 
that listening tests, particular those designed to evaluate multiple attributes, are very time 
consuming.
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The list o f  artefacts presented in Table 1-2 above is not exhaustive. There m ay be other artefacts 
that have not been identified by the authors mentioned in this chapter. Additionally, it was found 
that som e researchers use technical terms rather than perceptual ones to describe som e identified  
coding artefacts. This may be related to the fact that there som e experienced researchers often use 
technical descriptions to express what they hear, rather than describing the sonic effect itself. 
A lso, there is not a proper vocabulary to describe these artefacts in perceptual sense. Hence -  as 
aforementioned -  terms such as bandwidth limitation or tandem coding are com m only used to 
refer to coding artefacts.
Based on the above discussion it was inferred that tw o types o f  experimental work w ere needed: 
i) a study that quantifies the contribution o f  known coding artefacts to the basic audio quality o f  
low  bit rate spatial audio codecs, and ii) an elicitation experiment in w hich the perceptual effects 
introduced by low  bit rate spatial audio codecs could be described. The first study w ould allow  
for a better explanation concerning the perceived BAQ  o f  the codecs whereas the second  
experiment w ould possibly allow  for further identification o f  perceptual attributes related to the 
artefacts introduced by low  bit rate spatial audio coding systems.
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2 The Current Methods for Evaluating Spatial Audio Codecs
2.1 Introduction
A  question that arose with the advent o f  perceptual audio codecs was how  to assess their 
performance. It is known that the audio coding process always involves trade-offs between data 
rate, system  com plexity and needs for high-quality audio (B osi and Goldberg 2003). According to 
Pohlmann (2005), the best way to evaluate a perceptual codec is to listen to it meticulously. 
Ryden (1996) states that to detect all the impairments introduced by perceptual audio codecs is 
not an easy task.
In practice, a number o f  standards have been created in order to assess the audio quality o f  sound 
systems: hi ITU-R Recommendation BS. 1283-1 (2003), for instance, there is a guide by which  
the researcher can choose the best method according to their objectives, w hilst in ITU-R  
Recommendation BS. 1284-1 (2003) a general description o f  the ITU-R methods is presented. 
Specifically  for perceptual audio codecs however, two m ethodologies are often employed. These 
standards and their advantages and disadvantages are discussed in this chapter. This information 
is h ighly relevant to this research project, since the main goal o f  this investigation is to indentify 
and characterize the perceptual degradations introduced by low  bit rate spatial audio codecs, 
therefore it is imperative to understand the limitations o f  the existing approaches normally 
em ployed to assess these systems.
A s already mentioned, basic audio quality is the attribute that is com m only em ployed in the 
evaluation o f  spatial audio codecs. However, som e other attributes have been employed by 
researchers in order to evaluate spatial audio system s. The strategies used to elicit these attributes
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are discussed in this chapter. The viability o f  adopting these elicited attributes for evaluating 
spatial audio codecs w ill also be discussed.
This chapter addresses the follow ing research questions:
1. What are the current methods em ployed in the evaluation o f  spatial audio codecs?
2. What are the advantages and disadvantages o f  these methods?
3. What were the outcomes o f  the main tests performed on spatial audio codecs?
4 W hich sound attributes were assessed ill these tests?
5. What are the main attributes that have been elicited by researchers in studies with spatial audio 
systems?
6. Are the attributes elicited in these experiments suitable for the assessm ent o f  spatial audio 
codecs?
The answers for the aforesaid questions are necessary for this investigation since they can 
determine the limitations and drawbacks o f  the studies performed so far concerning the 
evaluation o f  spatial audio codecs. In addition -  as this research aims to char acterize the sonic 
performance o f  low  bit rate spatial audio codecs beyond the basic audio quality attribute -  it is 
important to find out what has been done in terms o f  attribute identification within the scope o f  
the evaluation o f  spatial audio systems.
2.2 Test Methods
The two m ost popular test methods in perceptual audio coding evaluation are specified in both 
ITU-R Recommendation B S .1116 (1994-1997) and ITU-R Recommendation B S.1534
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(M USH RA - Multi Stimulus test w ith Hidden Reference and Anchor) (2001). ITU-R BS. 1116 
uses a triple stimulus w ith hidden reference paradigm and is designed for comparing audio signals 
w ith sm all impairments to a reference. In this standard, the grading scale ranges from 5.0 for 
“Imperceptible” to 1.0 for “Very A nnoying” impairments (see Table 2-1). This paradigm is 
considered to be very effective for evaluating high quality audio systems when there are small 
impairments. However, although som e codec designers might disagree, this method is not 
suitable for evaluating certain coding artefacts due to the fact that these perceptual effects 
som etim es cannot be regarded as small impairments (Sporer e t a l . 2005).
Impairment Grade
Imperceptible 5.0
Perceptible, but not annoying 4.0
Slightly annoying 3.0
A nnoying 2.0
Very annoying 1.0
Table 2-1 ITU-R B S. 1116 grading scale
Due to the fact that the ITU-R B S.1116 is limited to the assessment o f  sm all impairments, 
Soulodre and Lavoie (1999) proposed a new  method in w hich larger impairments in perceptual 
codecs could be evaluated. This m ethodology incorporated many aspects o f  the BS. 1116 
standard but w ould also evaluate system s with intermediate and large impairments. They 
proposed a double-blind multi-stimulus paradigm in w hich all items were presented to the subject 
in a single trial, h i fact, the method proposed by Soulodre and Lavoie (1999), after som e 
m odifications w as standardized as the ITU-R B S.1534 standard. This standard -  w hich is also 
known as M U SH R A  -  is recommended for evaluating system s with intermediate impairments. 
The paradigm used for the ITU-R B S.1534 is the double-blind, multi-stimulus with hidden 
reference and hidden anchors. In this standard, the subject is exposed to a number o f  audio stimuli
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and he or she can switch between the reference signal and any o f  the stimuli under test. 
According to the M U SH R A  recommendation, both the hidden reference, w hich is the 
unprocessed original audio material w ith full bandwidth, and the hidden anchor, w hich is a low- 
pass filtered version o f  the unprocessed signal with a bandwidth o f  3.5 kHz, need to be included 
among the audio stimuli presented. The hidden reference is used to check whether listeners can 
distinguish between the reference and the processed items. The purpose o f  the hidden anchor is to 
ensure that minor degradations are not graded as having very low  quality. In M U SH R A, the 
subjects are normally asked to evaluate any and all differences between the reference and the 
presented material. In other words, they are asked to evaluate the basic audio quality o f  the audio 
material according to a grading scale ranging from 0 to 100 (see Figure 2-1). A s aforementioned, 
the basic audio quality (BA Q ) attribute allows a quick assessm ent o f  the audio stimuli and 
accounts for all differences betw een the reference and the evaluated audio material. Thus, the 
BAQ  attribute can be very effective for the assessm ent o f  the performance o f  several perceptual 
audio codecs at the same time, for instance. Furthermore, listening tests are normally tim e 
consum ing and the em ploym ent o f  only one single attribute can be a good approach to make a 
quick comparison between perceptual audio codecs in a short period o f  time. However, as 
aforementioned, B A Q  does not provide any explanation concerning the perceptual performance 
o f  a given evaluated audio material. B y  using only the B A Q  attribute the researcher w ill not know  
w hy a certain codec performs better or worse than another in perceptual terms.
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PAGE: 1 / 9  Please assess the Basic Audio Quality.
Now Playing is:
 _________________________  STOP
REFERENCE
B C D
Figure 2-1 Example o f  an ITU-R BS.1534 interface (Jiao et al. 2006)
Other attributes that can be em ployed in M USHRA and also in B S .l 116 are: stereophonic image 
quality, front image quality and impression o f  surround quality. According to the aforesaid ITU-R  
standards, stereophonic image is related to the differences between the reference and the object in 
terms o f  sound image locations and sensations o f  depth and reality o f  the audio event; front image 
quality is related to the localization o f  the frontal sound sources, including stereophonic image
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quality and losses o f  definition; and im pression o f  surround quality is related to spatial 
impression, ambience, or special directional surround effects. The two latter ones are specifically  
recomm ended for multichannel system s. H ow ever, according to Sporer (2006) these spatial 
attributes have not been explicitly used up to now. Additionally, the aforementioned standards 
specify only two spatial attributes w hile many researchers have been eliciting a large number o f  
spatial audio quality attributes (Bech and Zacharov 2006). This suggests that these two ITU-R  
standards could be limited when evaluating spatial audio system s. The reason for this inference is 
that the elicited spatial attributes can provide a more thorough description o f  the spatial audio 
system s under, analysis. Another drawback o f  the M U SH R A  test, for instance, is that in this 
m ethod it is necessary to include an open (given) reference, a hidden reference and hidden 
anchors. Because som e codec degradations can be subtle and therefore sound acceptable from an 
aesthetic point o f  v iew , the subjects might have difficulties in comparing these subtle 
degradations to that reference, hi these sorts o f  situations, the assessors might use the scale 
differently and the size o f  the confidence intervals might becom e too large, w hich makes the 
interpretability o f  the results more difficult (Sporer e t al. 2005).
2.3 Tests Performed on Two-Channel Stereo Codecs
M any tests have been devised within academic and commercial arenas to measure the 
performance o f  perceptual audio codecs (see Table 2-2). The study conducted by Grewin and 
Ryden (1991), for instance, aimed to assess the performance o f  the first version o f  the MPEG 
format. Moreover, the tests performed by N ielsen  (1996) investigated the performance o f  the 
second version o f  the MPEG format in broadcasting system s. A  major study, however, was the 
experiment conducted by Soulodre et a l (1998). h i this test, the performance o f  six two-channel 
stereo codecs w ith bit rates ranging from 64 to 192 kbit/s was evaluated. The attribute assessed in
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this experiment w as basic audio quality (BA Q ), chosen to measure any and all differences 
betw een the reference and the encoded and decoded stimuli, and ITU-R recommendation 
BS. 1116 was employed as the evaluation method. The European Broadcasting U nion (EBU) 
performed their first listening tests on audio codecs in 1999, publishing the results in the BPN  
029 document (EBU Project Group B/A IM  2000). In this experiment, the B A Q  attribute was 
measured follow ing ITU-R Recommendation B S.1534, w hich is not restricted to small 
impairments. Due to the fact that the audio codec market evolved very rapidly, the E BU  decided 
to carry out a new  series o f  evaluations in 2001, publishing the new  results in document EBU  
technical document 3296 (EBU Project Group B/A IM  2003). The aforementioned EBU  tests 
analyzed the BAQ  o f  various codecs at different data rates such as 16 kbit/s for m ono and 64 
kbit/s for stereo programme material. Another relevant study was conduct by Soulodre and 
Lavoie (2004). Here, they analyzed the performance o f  the MPEG layer 2 standard with the 
Spectral Band Replication schem e and, although this experiment was again restricted to BAQ , it 
was very important in order to observe the improvements introduced by the SBR  technology (see  
Chapter 1). Another important experiment was carried out by Marston and M ason (2005). They 
analyzed the so-called cascaded audio codecs, w hich involve decoding and re-encoding several 
tim es due to broadcasting necessities. An interesting statement in their report is that the low-pass 
filtered anchors required in M U SH R A  can sound very different from the effects introduced by 
low  bit rate or cascaded audio codecs. Thus, the task o f  making comparisons can be difficult for 
the listeners. For overcom ing this problem, Marston and Mason (2005) suggest the use o f  other 
anchors such as stimuli generated by a codec. This is one o f  the first reports indicating that the 
current standard methods may not be adequate for the assessm ent o f  spatial audio codecs.
Furthermore, many other investigations o f  codec performance have been tackled with similar 
approaches, assessing B A Q  using one o f  the ITU-R standards. It is important to mention that
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m ost o f  the coding system s listed in Table 2-2 are obsolete and out o f  the scope o f  this research, 
therefore there is no need for further explanation about them.
Author Year Test
method
Codecs under 
test
Bit rate range 
(kbit/s)
Attribute (s) 
assessed
Grewin and 
Ryden
1991 BS. 1116 M USIC AM , 
ASPEC, 
ATAC
64-128 BAQ
N ielsen 1996 BS. 1116 M PEG-2 256 and 384 BAQ
Soulodre et a l 1998 B S. 1116 M PEG-2, 
M PEG-3, 
A AC, AC-3, 
PAC
64-192 BAQ
I Stoll and 
Kozamernik 
(EBU)
2000 BS. 1534 W M A, 
M PEG-2 
A A C , MP3, 
Q-Design, 
Real Networks 
5.0, Real 
N etworks G2, 
Yamaha 
Sound VQ
16-64 BAQ
EBU 2003 B S. 1534 W indows 
M edia 8, 
M PEG-2 
AAC, 
A A C +SBR , 
Mp3 PRO, 
Real Networks 
real audio 8, 
AM R, MP3, 
Real Networks 
G2
16-64 BAQ
Soulodre and 
Lavoie
2004 BS. 1534 M PEG-2 with 
SBR
128-192 BAQ
Marston and 
! M ason  
(BBC)
2005 B S. 1534 M P3, 
ATRAC, 
A DPCM , 
A A C  |
128-384 BAQ
Table 2-2 Examples o f  tests performed on two-channel stereo codecs
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2.4 Tests Performed on Multichannel Codecs
Concerning tests performed on multichannel audio codecs (see Table 2-3) a similar approach to 
the one used in two-channel stereo codecs has been employed. Basic audio quality is normally the 
only attribute used to assess the performance o f  the surround sound coding system s. The study 
conducted by Kirby (1994), for instance, assessed the basic audio quality o f  the m ost popular 
multichannel coding systems at that time, hi this study, Kirby (1994) also made a comparison 
between the two versions o f  the MPEG 2 standard: backward compatible and non-backward 
compatible (see Section 1.5). The basic audio quality o f  the two cited versions o f  MPEG 2 was 
once more analyzed in another experiment conducted by Kirby and Watanabe (1995).
W ustenliagen et a l (1998) later conducted an experiment in w hich they assessed the performance 
o f  two w ell-known formats: M PEG-2 and D olby A C-3. Although in this particular experiment -  
as in the others -  the only attribute analyzed was BAQ , interesting conclusions were drawn 
regarding the different effects o f  critical recordings in the audio codecs under test. They stated 
that regardless o f  the bit rate used, the item w ith the audio stimulus applause was more critical for 
the AC-3 codec whereas the item with the pitch pipe recording revealed artefacts o f  the MPEG  
codec. Although they did not try to explain the reason for these results, it is known that audio 
excerpts w ith transient signals such as applause are critical for codecs in w hich the intensity 
stereo coding technique is em ployed (Erne 2001). In addition, Hortho et a l (2008) state that a 
typical applause signal is very difficult to be encoded by any low  bit rate codec due to the fact 
that it contains spatially uncorrelated content in all channels. The AC-3 format relies on a 
technique very similar to the intensity stereo coding schem e (see Section 1.5), w hich is known for 
its association with artefacts related to spatial image distortions. This may explain the results for 
the AC-3 format. Furthermore, the pitch pipe item is known to be critical for the earlier versions
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o f  the MPEG standard (Soulodre et al. 1998), thus it can be hypothesised that this item may 
reveal artefacts in newer instances o f  the M PEG standard.
Another important experiment was performed by Barbour (2005). He used the BAQ  attribute to 
assess the performance o f  four surround sound codecs (D TS, AC-3, MPEG Surround and W MA). 
Furthermore, Barbour analyzed the multichannel audio codecs taking into account the F-F 
(discrete) and the F-B (ambient) spatial m ode concepts that were introduced by Zielinski et al 
(2003). D iscrete surround or F-F scene describes reproduced multichannel audio scenes with the 
prominent foreground information in both front and rear channels. These scenes comprise the 
situation in w hich the listener has the im pression o f  being surrounded by the musicians. Ambient 
surround or F-B spatial m ode describes reproduced multichannel audio scenes in w hich the front 
channels reproduce predominant foreground content whereas rear channels contain background 
information in the rear channels. This situation is like the one in which the listener is sat in a 
concert hall with the m usicians on the stage in front o f  the listener who hears the ambient sound 
o f  the concert hall. Barbour states that the AC-3 and the W M A codecs achieved a good  
performance in ambient or F-B reproduction styles but did not perform very w ell in discrete or F- 
F surround m ixes. Another interesting conclusion in this experiment is that the MPEG surround 
system  revealed significant problems when performing in F-F or discrete surround m ixes. 
Barbour did not try to explain the reason for this, but it can be inferred that these problems are 
related to the downm ixing procedures o f  the parametric coding schem e that is em ployed in the 
MPEG Surround codec (see Section 1.5). Another experiment on multichannel audio codecs was 
recently conducted by the E BU  and the results w ere reported by M ason et a l (2007). In this 
experiment, they used the M U SH R A  paradigm to assess the basic audio quality o f  several 
multichannel codecs such as D olby A C-3, D TS, W M A, AACplus and MPEG Surround. The bit 
rates used in this study ranged from 64 kbit/s to 1.5 M bit/s (5.1 channel mode). The main 
conclusions drawn from this experiment were that, depending on the audio material, som e codecs
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cannot achieve high quality at bit rates o f  256 kbit/s or below . M oreover, it was reported that 
som e later developm ents o f  the codecs assessed in the study achieved a weaker performance than 
earlier versions o f  the same systems. Another recent experiment was conducted by Gaston and 
Sanders (2008). In their study they compared the newer prototype system developed by Dolby  
Laboratories (E-AC3) with its earlier version (A C-3) and also with the HE-AAC (AACplus) 
system. Unlike recent researchers, they used the B S .1116 standard to assess the B A Q  o f  the 
multichannel audio codecs. Although Gaston and Sanders (2008) did not provide any explanation 
for using the BS. 1116 standard, it can be inferred that they made this choice based on the fact that 
the only system s with small impairments were analyzed in this experiment and the B S.1116  
standard is known to be the m ost appropriate for these type o f  assessments. Their main findings 
w ere that the E-AC3 codec achieved a worse performance in comparison with its earlier version 
(A C-3). However, they did not attempt to provide any explanation for the perceptual 
performance o f  these codecs.
It is important to notice here that all aforementioned studies performed in either two-channel 
stereo or multichannel codecs are limited in a sense that they assessed only a single attribute: 
basic audio quality. Hence, these studies are incapable o f  providing enough information 
concerning the perceptual performance o f  the codecs. N one o f  the studies described in this 
chapter, for instance, aimed to quantify the contribution o f  known coding artefacts to the BAQ o f  
the codecs.
Furthermore, the aforesaid experiments are not capable o f  identifying the contribution o f  spatial 
impairments to the B A Q  o f  the surround sound codecs. This is clearly another drawback in these 
studies since, according to Rum sey et a l (2005b), spatial features can be seen to account for 
approximately 30% o f  the B A Q  ratings o f  multichannel audio systems.
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A uthor (s) Y ear T est
m ethod
C odecs under  
test
Bit rate range
(kbit/s in 5.1 
channel 
m ode)
A ttribute (s)
assessed
Kirby e t a l 1994 BS. 1116 M PEG-2  
(Layers III  
and III) and 
AC-3
,256-448 BAQ 1
Kirby and 
Watanabe
1995 BS. 1116 M PEG-2 (BC  
and N B C )
256-640 BAQ
W ustenhagen et 
a l
1998 BS. 1116 M PEG-2 and 
D olby AC-3
384-640 BAQ
Barbour 2005 BS. 1534 DTS, AC-3, 
MPEG  
Surround, 
W M A
128-448 BAQ
M ason e t al 2007 BS. 1534 DTS, AC-3, 
MPEG  
Surround, 
W M A, 
AACplus
64-1536 BAQ
Gaston and 
Sanders
2008 BS. 1116 E-AC3,
AC-3,
AACplus
160-384 BAQ
Table 2-3 Examples o f  tests performed on multichannel perceptual audio codecs
2.5 Evaluation of Spatial Audio Systems
Follow ing the discussion concerning the limitations o f  the methods em ploying only the BAQ  
attribute, another stage o f  this research project was to consider other attributes used to analyze 
spatial audio systems and their suitability for the assessm ent o f  low  bit rate spatial audio codecs. 
Considerable research has been carried out in order to determine the most important attributes o f  
spatial audio system s (see Table 2-4). In the study conducted by Zielinski et al (2005), for 
instance, the relationship between basic audio quality and spatial and timbral fidelity was 
established using stimuli involving basic processes such as limitation o f  bandwidth and
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downm ixing in 5.1 multichannel system s. A lthough they found that timbral fidelity would  
influence the basic audio quality more than the spatial attributes analyzed (frontal spatial and 
surround spatial fidelity), they also observed that the spatial fidelity attributes affected basic audio 
quality significantly. Thus, it can be inferred that spatial attributes need to be considered during 
audio quality evaluation. This undoubtedly applies to the evaluation o f  spatial audio codecs. A s 
previously mentioned, both ITU-R standards (B S .l 116 and B S .1534) com m only used to evaluate 
perceptual audio codecs contain recommendations for the evaluation o f  som e spatial audio 
attributes. These are stereophonic image quality, front image quality and impression o f  surround 
quality. However, as mentioned earlier, according to Sporer (2006), these attributes were not 
explicitly used up to now. M oreover, som e other attributes have been elicited by researchers in 
order to evaluate spatial audio system s. The next section w ill provide a detailed discussion on 
both the experiments and the techniques em ployed to uncover sound attributes in experiments 
w ith spatial audio systems.
2.6 Attributes Uncovered in Experiments with Spatial Audio 
Systems
Many studies have been conducted in order to uncover and rate attributes in experiments with  
spatial audio system s. A  pioneering study w as conducted by Nakayama e t a l (1971) in which they 
used up to eight channels to reproduce the audio stimuli. In this experiment, preference and 
dissimilarity ratings were assessed in order to “determine those subjective features o f  the 
m ultichannel reproduction that made it superior to the usual two-channel one” (Nakayama et al. 
1971, p 744). In order to reduce the initial number o f  attributes, they applied multidimensional 
scaling to the dissimilarity ratings. Three attributes were uncovered in this experiment: depth o f  
the image sources, sensation o f  fullness, and sensation o f  clearness. Another relevant study was
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conducted by Gabrielsson and Sjogren (1979). They investigated the perceived audio quality o f  
various reproduction systems: loudspeakers, headphones and hearing aids. In this study the 
subjects -  by means o f  free verbal description -  were asked to “describe in their ow n words how  
they perceived the sound reproduction for a sample o f  the actual stimuli” (Gabrielsson and 
Sjogren 1979, p 1020). After applying factor analysis, four attributes w ere uncovered: 
clearness/distinctness, sharpness/hardness (softness), brightness/darkness, and disturbing sounds. 
T oole (1985), in an investigation on loudspeaker sound quality, distinguished spatial quality 
attributes from sound quality ones. B y  means o f  verbal description, the follow ing spatial 
attributes w ere found: definition o f  sound im ages, continuity o f  the sound stage, width o f  the 
sound stage, impression o f  distance/depth, abnormal effects, reproduction o f  ambience, 
spaciousness and reverberation, perspective, and overall spatial rating. Another relevant 
investigation was the one conducted by Berg and Rum sey (1999). In this experiment, a method 
from the psychology field called repertory grid technique was used in order to elicit verbal 
descriptors describing changes in spatial audio quality. In RGT, normally triads o f  stimuli are 
presented to the subject. His or her task is to define w hich one o f  the three exam ples is different 
from the other two, and also to describe in w hich w ay the other two are similar. According to 
Berg and Rumsey:
“RGT encourages personal reflection upon the qualities o f  the stimuli under examination, and a 
definition o f  a personal set o f  constructs that differentiate between them”.
Berg and Rum sey (1999, p 56)
In their study, the verbal descriptors were grouped using cluster analysis and the follow ing  
attributes were identified: authenticity/naturalness, lateral positioning/source size, envelopment, 
depth, room reverberation properties (level and clarity), source width, externalization, and frontal 
image. Later on, Zacharov and K oivuniem i (2001) uncovered som e attributes in a study 
concerning spatial sound reproduction over loudspeakers. The elicitation process was firstly
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performed with free description o f  stimuli and then group discussions were formed after the 
developm ent o f  a comm on descriptive language. This procedure is categorized as a consensus 
vocabulary technique (Bech and Zacharov 2006). In this experiment a total o f  tw elve attributes 
w ere identified. They were divided into two categories: spatial (sense o f  direction, sense o f  depth, 
sense o f  space, sense o f  m ovem ent, penetration, distance o f  events, broadness and naturalness) 
and timbral (richness, hardness, emphasis, tone colour). Further, Guastavino and Katz (2004) 
conducted a study with the intention o f  measuring the perceptual differences in loudspeakers 
using surround sound reproduction systems. After applying free verbal description and semantic 
categorization to reduce the original number o f  obtained verbal descriptors, the aforesaid authors 
identified a total o f  six  attributes: coloration, presence, readability, localization, stability, and 
distance. Moreover, C hoisel and W ickelmaier (2006) performed an experiment in w hich they 
used eight different combinations o f  reproduction system s with audio processes such as 
downm ixing and upmixing. They em ployed two distinct elicitation techniques: the 
aforementioned Repertoire Grid Technique and Perceptual Structure Analysis (PSA ) which was 
em ployed in the audio field for the first tim e in this experiment. PSA is a mathematical method 
that aims to extract auditory attributes from a group o f  subjects without asking the assessors to 
name any verbal descriptors. Therefore PSA  can be classified as an indirect elicitation method, as 
opposed to the direct elicitation methods in w hich the participants use words to describe a 
sensation (Bech and Zacharov 2006). A ccording to Choisel and W ickelmaier (2006, p 816), 
besides its firm mathematical foundation, the major advantage o f  PSA “lies in the fact that it 
strictly separates the identification o f  auditory sensations from their labelling”. Eight spatial 
attributes w ere identified in this experiment: width, envelopment, elevation, spaciousness, 
brightness, distance and clarity.
M ost o f  the attributes uncovered in the aforementioned studies show  concept similarities even 
when they do not have the sam e nomenclature (Berg and Rumsey 2006). The attribute width, for
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instance, w as found in four o f  the aforesaid studies. In addition, the Zacharov and K oivuniem i’s 
(2001) concept for broadness is associated to how  w ide an area a perceived sound has w hile the 
attribute width in C hoisel and W ickelmaier (2006) is related to how w ide the area o f  the sound is, 
w hich is exactly the sam e concept. It can also be observed in the aforementioned experiments 
that som e attributes encom pass others. The attribute envelopm ent in studies such as Berg and 
R um sey (1999) and C hoisel and W ickelmaier (2006) is related to environmental spatial 
impression o f  the capacity o f  being wrapped by the sound, w hile the concept o f  broadness for 
Zacharov and K oivuniem i (2001) also describes sounds that com e from all around the listener and 
therefore envelope the listener.
It is important to mention that none o f  the aforementioned studies involved spatial audio codecs. 
To the author’s know ledge there is no study in the literature in w hich attributes have been  
identified in experiments involving spatial audio codec processes. The study conducted by 
Choisel and W ickelmaier (2006), for example, employed som e audio processes such as 
downm ixing and upm ixing that are similar to processes employed in spatial audio coding 
schem es. However, as described in Section 1.3, many other processes — not involved in the 
aforementioned elicitation studies -  are specifically used in spatial audio codecs. Hence, it is not 
possible to determine i f  the aforementioned uncovered attributes can be used in an investigation  
aim ing to characterize the sonic performance o f  low  bit rate spatial audio coding system s since 
essential information could possibly be omitted in that investigation.
Based on the above discussion, it can be concluded that an elicitation experiment in which  
attributes are identified specifically from spatial audio codecs can be a novel and valuable 
approach towards the characterization o f  the perceptual effects introduced by low  bit rate spatial 
audio coding systems. Experimental work w ith this aim was conducted in the scope o f  this 
research project and the outcom es o f  these studies are reported in Chapters 5 and 6.
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Author (s) Year Elicitation Technique Attributes Elicited
Nakayama et 
a l
1971 M ultidimensional
scaling
Depth o f  the image sources, sensation o f  fullness, 
sensation o f  clearness.
Gabrielsson 
and Sjogren
1979 Verbal description and 
Factor analysis
Clearness/distinctness, sharpness/hardness 
(softness), brightness/darkness, disturbing sounds.
T oole 1985 Verbal Description Spatial quality: definition o f  sound images, 
continuity o f  the sound stage, width o f  the sound 
stage, impression o f  distance/depth, abnormal 
effects, reproduction o f  ambiance, spaciousness 
and reverberation, perspective, overall spatial 
rating.
Sound quality: clarity definition, softness, fullness, 
brightness, hiss, noise, distortions, pleasantness, 
fidelity.
Berg and 
R um sey
1999 Repertory Grid 
Technique
Authenticity/naturalness, lateral positioning/source 
size, envelopment, depth, room reverberation 
properties (level and clarity), source width, 
externalization, frontal image.
Zacharov and 
K oivuniem i
2001 Quantitative
Descriptive
A nalysis
Spatial attributes: sense o f  direction, sense o f  
depth, sense o f  space, sense o f  movem ent, 
penetration, distance to events, broadness, 
naturalness.
Timbral attributes: richness, hardness, emphasis, 
tone colour.
Guastavino 
and Katz
2004 Verbal Description and 
Semantic 
Categorization
Coloration, presence, readability, localization, 
stability, distance. '
Choisel and 
W ickelmaier
2006 Repertoire Grid 
Technique and 
Perceptual Structure 
Analysis
Width, envelopment, elevation, spaciousness, 
brightness, distance, clarity, naturalness.
Table 2-4 Examples o f  experiments performed with the intention o f  identifying attributes from 
spatial audio system s, show ing the attributes derived in each case
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2.7 Summary
This chapter reviewed the current m ethodologies used to evaluate spatial audio codecs. It was 
found that two ITU-R standards are com m only em ployed to evaluate spatial audio coding 
systems: ITU-R B S.1116 and ITU-R B S.1534. The former method was m ainly employed in the 
early experiments whereas the latter has been more w idely used in recent experiments. The main 
advantage o f  the ITU-R B S .l 116 is its suitability to assess the performance o f  high quality audio 
system s containing sm all impairments. The main drawback o f  the ITU-R B S.1116, however, is 
that this standard is not suitable for evaluating intermediate and large impairments and these types 
o f  impairments may be introduced by spatial audio coding systems. It was this limitation that led 
codec researchers to adopt the ITU-R B S.1534 standard, also known as M USHRA. The main 
advantage o f  the M USHRA paradigm is its suitability for quick assessm ent and comparison 
between a large number o f  audio stimuli. However, its requirement concerning the inclusion o f  a 
given  reference, a hidden reference and hidden anchor can lead to an excessive number o f  
comparisons o f  stimuli w hich can make the task o f  the listener difficult. Additionally, in 
M U SH R A  only two spatial attributes are specified, although hardly ever used, w hile researchers 
in the spatial audio field have uncovered many more.
The main tests performed in both two-channel stereo and multichannel codecs were presented in 
this chapter. In all o f  the experiments described here the only attribute used to analyze the 
performance o f  the codecs was basic audio quality (BAQ). A s aforementioned, the approach o f  
adopting exclusively the BAQ . attribute can be effective in terms o f  making comparisons and 
assessing the overall performance o f  spatial audio codecs. However, this approach is not capable 
o f  providing information about the perceptual performance o f  the codecs. Further, despite the fact 
that two spatial attributes are specified in the cited ITU-R standards, neither o f  these were used in
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any o f  the experiments described in this chapter. This is another limitation o f  these studies, since, 
as aforementioned, spatial features can account for nearly 30% o f  the B A Q  o f  spatial audio 
system s. It can be inferred that experimental work is needed in order to assess the contribution o f  
these spatial attributes to the BAQ  o f  the codecs. Moreover, none o f  the aforementioned  
experiments aimed to quantify the contribution o f  known coding artefacts to the BAQ  o f  the 
codecs. This is another drawback o f  the experiments described in this chapter since this 
information and the one about the spatial attributes specified in the ITU-R could be useful in 
terms o f  providing additional information concerning the perceptual performance o f  a given  
codec, for instance.
T his- chapter also reviewed major elicitation experiments undertaken in the context o f  spatial 
audio system s. These studies aimed for the identification o f  attributes related to spatial audio 
systems. The main spatial attributes elicited in these experiments and the elicitation techniques 
em ployed in them are shown in Table 2-4. It w as found that som e comm on attributes were 
extracted from the different tests performed even when they were labelled differently by the 
researchers,
N one o f  the elicitation experiments reported in this chapter were conducted with the intention o f  
identifying attributes related to the artefacts o f  spatial audio coding systems. There may be som e 
attributes com m on to any spatial audio reproduction system including spatial audio codecs that 
w ould fit w ell in the context o f  spatial audio codec assessment. However, by adopting only the 
attributes uncovered in the aforementioned experiments one runs a risk o f  omitting important 
features that are specifically pertinent to spatial audio codecs.
Therefore it could be concluded that an elicitation experiment in order to uncover attributes from 
spatial codecs was needed, since the characteristic peculiarities o f  spatial audio coding systems
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needed to be taken into consideration in the process o f  characterization o f  the perceptual effects 
introduced by low  bit rate spatial audio coding systems.
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3 Pilot Study - The Relationship between Selected Artefacts 
and Basic Audio Quality in Perceptual Audio Codecs
3.1 Introduction
The A udio Engineering Society published in 2001 a tutorial CD-ROM on coding artefacts entitled 
“Perceptual Audio Coders: What to Listen For” (Erne 2001). This CD-ROM  w as developed by 
the AES Technical Committee on Audio Coding with the intention o f  presenting som e coding 
artefacts that might appear in compressed audio signals. These artefacts and their contribution to 
the basic audio quality (B A Q ) o f  perceptual audio codecs, however, have not yet been evaluated 
system atically in listening tests. Therefore the principal aim o f  the pilot study described in this 
chapter was to determine the relationship between basic audio quality and selected coding 
artefacts. The establishment o f  this relationship made it possible to see which artefacts affected 
the BAQ  the m ost and w hich ones affected the BAQ  the least. It is hoped that this information 
can help codec designers to optim ise the perceptual performance o f  their codecs in such a way 
that the artefacts affecting the B A Q  the m ost can be minimised.
The main goal o f  the study described in this chapter was to quantify the contribution o f  four 
selected artefacts (band lim iting effect, ‘birdies’, pre-echo and spatial distortions) to the BAQ o f  
low  bit rate two-channel stereo codecs. This is the first objective that was defined in Section 0.2 
o f  this thesis.
This pilot experiment was also performed with the intention o f  allowing for som e insight into the 
problem domain and to highlight any potential difficulties in this type o f  research.
Chapter 3: Pilot Study— The Relationship between Selected Artefacts and Basic Audio Quality in
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The study reported in this chapter was based on formal listening tests involving a panel o f  expert 
listeners. Only two-channel stereo recordings were used in the study, since the artefacts used in 
this experiment were described by Erne (2001) in a study conducted with two-channel stereo 
audio codecs. The listeners were asked not only to evaluate the audio quality o f  the processed 
audio material but also to evaluate its audio character using the follow ing attributes:
•  Band lim iting effect.
•  ‘B irdies’.
•  Spatial distortions.
•  Pre-echo.
The selection o f  these attributes was inspired by the AES CD-ROM  cited above. The rationale for 
this choice was based on the fact that perceptual artefacts related to band limiting effect, ‘birdies’, 
spatial distortions and pre-echo are, according to the AES Technical Committee on A udio Coding 
(Erne 2001), prevalent in two-channel stereo low  bit rate coding system s. M oreover, in a recent 
study conducted by Liu et al (2006), these artefacts were considered as being com m on to most o f  
the known perceptual coding schem es (see Table 1-2). These artefacts w ere already introduced in 
Chapter 1. H ow ever, as they were used in the study reported in this chapter, a brief explanation 
w ith the main perceptual characteristics o f  them is presented in the next paragraphs. A s already 
discussed in Chapter 1, it is often encountered in the literature a crossover between technical and 
perceptual terms to describe coding artefacts. This is due to the fact that experienced researchers 
often use technical terms to describe what they hear, or to express what they think is happening in 
the codecs, rather than describing the sonic effect itself. A lso, there is not an easily  available 
vocabulary for doing this. H ence, technical descriptions such as band lim iting effect are 
com m only used to refer to coding artefacts.
58
Chapter 3: Pilot Study-T he Relationship between Selected Artefacts and Basic Audio Quality in
Perceptual Audio Codecs
The band lim iting effect is perceived as a ‘m uffled’ sound and occurs due to bandwidth limitation 
strategies that are com m only em ployed in perceptual audio codecs. ‘B irdies’ can be perceived as 
a chirpy sound and it is caused mainly by physical processes such as modulation o f  high 
frequency spectral components. Spatial distortions w ere reported by Erne (2001) as typical coding  
artefacts that can introduce perceptual effects such as a narrowing o f  the original spatial image. 
Spatial distortions are frequently associated with downm ixing procedures that are com m only used 
for encoding and decoding spatial content. Pre-echo can be perceived as a ‘double attack’ and it is 
m ainly caused by inappropriate processing o f  blocks o f  audio data.
The scores obtained from the aforementioned listening tests were used as a basis for developing a 
regression m odel predicting the basic audio quality as a function o f  the selected artefacts listed  
above. Such a regression m odel made it possible to estimate the contribution o f  the 
aforementioned artefacts to the basic audio quality o f  low  bit rate two-channel stereo codecs.
The experiment intended to address the follow ing research questions:
1. Can B A Q  be predicted with accuracy based on the contribution o f  ‘birdies’, band limiting 
effect, pre-echo and spatial distortions?
2. W hich o f  these artefacts affect the perceived BAQ  o f  low  bit rate two-channel stereo codecs 
the most?
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3.2 Experimental Method
3.2.1 General Methodology
The aim o f  this experiment was to establish the relationship between four selected artefacts 
( ‘birdies’, band limiting effect, spatial distortions and pre-echo) and basic audio quality o f  audio 
recordings processed using low  bit rate two-channel stereo codecs. A  listening test was 
conducted in two parts, hi the first part, the assessors were asked to judge the basic audio quality 
o f  the original and processed audio material. In the second part, the subjects were required to 
assess the effects o f  ‘birdies’, band lim iting effect, spatial distortions, and pre-echo in the same 
audio material used in the basic audio quality part. The results obtained in the tests were used as a 
basis for a multiple linear regression m odel that was applied in order to predict the basic audio 
quality as a function o f  the selected artefacts used in the experiment. M ultiple linear regression 
m odelling w as chosen due to its appropriateness for establishing relationships between an 
outcom e variable (dependent variable) and the predictor variables (independent variables) 
(Norusis 2006b). In the specific case o f  the m odel reported in this chapter, the dependent variable 
is basic audio quality and the independent variables are the selected artefacts ( ‘birdies’, band 
lim iting effect, pre-echo and spatial distortions). M ultiple linear regression is known as an 
standard method for determining the aforementioned relationships (Field 2005). The multiple 
linear regression m odel developed in the study reported in this chapter made it possible to 
estimate the contribution o f  the aforementioned artefacts to the basic audio quality o f  low  bit rate 
two-channel stereo codecs.
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3.2.2 Selection of Audio Material
The recordings used in the experiment reported in this chapter were selected from the “EBU  -  
Sound Quality A ssessm ent Material CD” (EBU 1988a). The EBU  Tech 3253 (EBU  1988b) 
contains a detailed description o f  these recordings along with som e suggested applications for 
them. It was decided to use in this study recordings that -  according to the EBU  Tech 3253 (EBU  
1988b) -  were critical in terms o f  affecting the BAQ  o f  system s containing processes related to 
bit rate reduction.
Two audio excerpts were used in the experiment as shown in Table 3-1. This number o f  excerpts 
is conformant to the minimum requirements established in the ITU-R BS. 1116 standard. The 
duration o f  the excerpts was no more than 10 seconds on average. The reason for using short 
excerpts was based on the fact that long excerpts are likely to present variations in their timbral 
and spatial characteristics. These variations may create difficulties to the listeners in their task o f  
assessing the performance o f  audio system s, which can cause random errors in the data (Zielinski 
2008). H ence, only excerpts that were relatively short and consistent in terms o f  their timbral and 
spatial characteristics w ere used in this study.
3.2.3 Processing of Audio Material
The selected audio recordings were processed using custom written Matlab algorithms and 
com m ercially available low  bit rate audio codecs.
The types o f  audio degradations used in this experiment were those related to the selected  
artefacts assessed in the tests. It w as decided to use three levels o f  processing as a necessary
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minimum number to span the grading scales used in the study. These levels included: (1) highly  
degraded samples; (2) intermediate levels o f  degradation, and (3) no processing (hidden  
reference). This approach was required in order to ensure the high span o f  the scores for the 
grading scales used for all the attributes assessed in this experiment. The levels o f  the 
degradations o f  the four selected artefacts used in this study were adjusted by this experimenter 
follow ing meticulous auditioning o f  the CD-ROM  produced by the AES Technical Committee on 
Audio Coding.
Excerpt
No.
Genre Duration Artist/
Title
Description
1 Pop
M usic
8s A B B A /
The
Visitors
Synthesizer playing high 
frequency content in both 
channels. Pronounced bass and 
drums with cymbals. Very subtle 
distorted guitar in the 
background. W ide spatial image.
2 Pop
M usic
9s Eddie 
Rabbitt/ 
Early in 
the
Morning.
V ocals are prominent. Bass 
playing low. frequency content in 
both channels. Clapping and 
cymbals are played throughout 
the excerpt.
Table 3-1 Programme material used in the experiment
In order to artificially generate artefacts related to the band limiting effect two low  pass filters 
w ere implemented using Matlab custom algorithms. A  low  pass filter with a cut o ff  frequency o f  
3.5 kHz w as adopted to create pronounced level o f  the band limiting effect, whereas a low  pass 
filter w ith a cut o ff  frequency o f  7.0 kHz was employed in order to create stimuli with 
intermediate level o f  the band limiting effect. In order to agree with the recommendations 
suggested in the ITU-R B S .l 116, both filters were 13th order infinite im pulse response (HR) type
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with attenuation at the cut-off frequencies less than 0.1 dB and attenuation in stop band o f  more 
than 25 dB.
Artefacts related to pre-echo were generated using custom written Matlab algorithms. A time 
advance was applied before the original signals in order to create the pre-echo artefact. The time 
advances chosen for this experiment were 200 m illiseconds for the pronounced level o f  pre-echo 
and 70 m illiseconds for the intermediate level o f  pre-echo. The advanced version o f  the signal 
had the sam e amplitude as the original one.
In order to artificially create spatial distortions the original spatial image o f  the recordings was 
narrowed down. A s for the artefacts listed above, Matlab custom algorithms were used to create 
spatial distortions. A  mono down-m ix processing w as used to generate the pronounced level o f  
the spatial distortions artefact. A sum and difference processing also known as M S coding was 
implemented to create intermediate level o f  degradations. M  is the mono sum o f  the two stereo 
channels w hile S corresponds to the difference between them. Processing was applied to the S 
component in order to narrow down the original spatial image. For the intermediate level o f  
spatial distortions the amplitude o f  the S component was reduced by 18dB. A s an additional 
procedure, a higher level o f  spatial distortions was included in the experiment with the amplitude 
o f  the S component being reduced by 6dB.
A  com m ercially available MPEG-1 layer-3 (M P3) encoder was used in order to generate the 
‘birdies’ artefact. The bit rates used for ‘birdies’ were 40 kbit/s for the pronounced level o f  
‘birdies’ and 96 kbit/s for the intermediate level o f  ‘birdies’.
Additionally to the aforementioned processed audio material, four two-channel stereo audio 
codecs already tested in EBU  Project Group B/AIM  (2003) were included in the experiment.
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obtained in the aforementioned E BU  tests.
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Nr. C ode Process Justification
1 BL1 Low-pass filtering 
down to 3.5 kHz
Pronounced artefact related to the band limiting 
effect
2 BL2 Low-pass filtering 
down to 7 kH z
Intermediate artefact related to the band limiting 
effect
3 Birdies 1 MPEG-1 layer-3 
(M P3) codec with bit 
rate o f  40 kbit/s
Pronounced artefact related to ‘birdies’
4 Birdies2 MPEG-1 layer-3 
(M P3) codec with bit 
rate o f  96 kbit/s
Intermediate artefact related to ‘birdies’
5 Pre-echo 1 Pre-echo tim e advance 
o f  200 m illiseconds
Pronounced artefact related to pre-echo
6 Pre-echo2 Pre-echo tim e advance 
o f  70 m illiseconds
Intermediate artefact related to pre-echo
7 M ono M ono down-m ix Pronounced artefact related to spatial distortions
8 S d l MS Coding process 
with the amplitude o f  
“S” reduced by 18dB
Intermediate artefact related to spatial 
distortions
9 Sd2 MS Coding process 
with the amplitude o f  
“S” reduced by 6dB
Small artefact related to spatial distortions
10 C o l
(M P3)
MPEG-1 layer-3 
(M P3) codec with bit 
rate =  16 kbit/s
C odec already tested by E BU  (E B U  Project 
Group B/A IM  2003)
11 Co2
(W M A)
W indows M edia Audio  
(W M A) with bit rate =  
32 kbit/s
Codec tested by E BU  (E B U  Project Group 
B/A IM  2003)
12 Co3
(A AC )
MPEG 2 — Advanced  
Audio Coding (A AC ) 
with bit rate =  48 kbit/s
C odec tested by E B U  (EBU  Project Group 
B /A IM  2003)
13 Co4
(A A C +SB R )
MPEG 2 -  Advanced  
A udio Coding (A A C ) 
w ith Spectral Band 
Replication w ith bit 
rate =  64 kbit/s
Codec tested by E BU  (EBU  Project Group 
B/A IM  2003)
Table 3-2 Processing o f  audio material used in the experiment
64
3.2.4 Equipment and Acoustical Conditions
The listening tests were conducted in the Listening Room o f  the Institute o f  Sound Recording at 
the University o f  Surrey. The acoustical parameters o f  this room are conformant to the 
requirements o f  ITU-R B S .l 116 recommendation (ITU-R 1994-1997).
D ue to the fact that only stereo recordings w ere used in the experiment, tw o Genelec 1032A  
loudspeakers were arranged according to the E BU  technical document 3276 (EBU  1998). The 
distance between the loudspeakers and the listening position was 1.1m. In order to avoid any 
experimental bias that could be caused due to loudness differences between the stimuli used in the 
experiment, the level o f  all stimuli was performed according to the specifications presented in the 
ITU-R BS. B S .1116 recommendation (ITU-R 1994-1997) and adjusted in order to achieve an 
average loudness o f  75 dBA at the listening position. According to informal listening tests 
performed by the experimenter, this value was considered as being the m ost comfortable one for 
experiments conducted in that room. The playback level was the sam e for all audio stimuli, 
w hich means that this w ill not be a confounding variable which may affect the perceptibility o f  
the introduced artefacts. It is possible that the use o f  a range o f  reproduction levels may have 
affected perceptibility, but this was beyond the scope o f  the study.
3.2.5 Listening Tests Procedure
Two types o f  listening sessions w ere em ployed in the experiment. The first session consisted o f  
the evaluation o f  the basic audio quality attribute o f  the audio material whereas the second session  
comprised the assessm ent o f  the selected artefacts o f  the same audio material. In the second  
session  o f  the experiment -  here named as the direct attributes session -  the selected artefacts
Chapter 3: Pilot Study -  The Relationship between Selected Artefacts and Basic Audio Quality in
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were assessed separately. Fifteen experienced subjects among final year Tonmeister students and 
PhD researchers o f  the Institute o f  Sound Recording, University o f  Surrey took part in the test. 
This panel o f  expert listeners was chosen due to the fact that this experiment required critical 
listening skills. It is worth m entioning that the subjects recruited for this study w ere unpaid.
The double-blind multi-stimulus test method w ith hidden reference and hidden anchor 
(M U SH R A) (ITU-R 2001) was used in the BAQ  part o f  the experiment. The main reason for this 
choice was its suitability for quick assessm ent and comparison between many audio stimuli in 
terms o f  basic audio quality. The subjects were asked to evaluate any and all differences between 
the reference and the presented material according to a grading scale ranging from 0 to 100, as 
show n in Table 3-3. A  short training session using the same M U SH R A  interface was performed 
before the tests (see Figure 3-1). This part o f  the test was performed in only one session  w ith the 
presentation o f  fourteen audio stimuli o f  each o f  the two recordings. The hidden reference, which  
is the original unprocessed original audio material w ith frill bandwidth and the hidden anchor, 
w hich is a low -pass filtered version o f  the unprocessed signal with a bandwidth o f  3.5 kHz, were 
also included among the audio stimuli. In both parts o f  the experiment, the order o f  the 
recordings and the order o f  the stimuli w ere randomized. This was done with the intention o f  
avoiding the carryover effect (Bech and Zacharov 2006).
Quality Grading range
Excellent 80-100
Good 60-80
Fail- 40-60
Poor 20-40
Bad 0-20
6 6
Table 3-3 Grading scale used in the BAQ  part o f  the experiment 
hi the direct attributes part o f  the study, the listeners w ere asked to evaluate the magnitude o f  
each one o f  the four direct attributes in the audio stimuli presented. The grading scale used in this 
part o f  the tests was recomm ended by Guski (1997). It was a continuous scale ranging from “N ot 
at all” presenting a value o f  1 to “Extremely” with a value o f  7. The question “This sound is . . .” 
(see Figure 3-2) was posed for each o f  the attributes analyzed in order to assess the magnitude o f  
them in the stimuli presented. Thus “N ot at all” w ould mean that the stimulus w ould not be 
affected by the artefact under question whereas “Extremely” would signify that the audio example 
w ould be severely influenced by the artefact under analysis. Therefore, the higher the value the 
more perceptible w ould be the magnitude o f  the artefact. This scale with labels at the endpoints 
and no labels in between is recomm ended to m inim ize any experimental bias due to the 
quantisation effect. According to Zielinski e t a l (2008), the quantisation effect may occur 
whenever there are labels or numbers on the scales. The listeners tend to use these labels or 
numbers more often than the other points o f  the scales, which may cause som e differences and the 
scores can be either compressed or expanded. A lso, it is very difficult to create intermediate 
labels that are perceptually linearly distributed along the scale. Hence, a scale containing only 
labels at the endpoints was adopted for this part o f  the study.
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1 of 6
Reference
Excellent
Good
Fair
Poor
Bad
A B c D E
—100 -100 
- 80
-100 
- 80
100
-  80 -  80 -8 0
-  60 -  60 - 60 - 60 .6 0
-  40 -  40 - 40 -4 0 - 40
-  20 -  20 - 20 -2 0 _20
- 0 ______ - 0 _ 0 _____ - 0 - 0
h ..J aJ 1°...1 A  1
T-100
80
60
40
20
0
Stop
Next
Figure 3 - 1 Interface used in the BAQ part o f  the experiment
There was also a short training session in the direct attributes part o f  the experiment in which the
listeners had the opportunity to get familiar with the four direct attributes that were under
evaluation. A s aforesaid, in this part o f  the test the sentence “This sound i s . . .” was posed for each
o f  the attributes. Therefore when the band limiting effect was assessed, for instance, the sentence
“This sound is band limited” was posed (see Figure 3-2). The same procedure was applied to the
other attributes with similar sentences being presented. The subjects were asked to use the scales
provided in order to address the sentence that was posed for each attribute. A s previously stated,
the grading scale used in this part o f  the test ranged from “N ot at all” presenting a value o f  l to
“Extremely” with a value o f  7. Hence, the subjects had to use the bottom o f  the scale to indicate
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that the audio exam ple was not influenced by the artefact being assessed. The hidden reference, 
for instance, should be given a value o f  “ 1” corresponding to “N ot at all” .
A s in the BAQ part o f  the experiment, fourteen audio stimuli were used in each one o f  the 
attributes assessed, including the hidden reference and the hidden anchor. The session was 
divided by recording excerpt.
Chapter 3: Pilot Study -  The Relationship between Selected Artefacts and Basic Audio Quality in
Perceptual Audio Codecs
This sound is bandlim ited.
A Not at all D D n  d  EH n  n  Extremely
B Not at all 4)E4)XLD□□□□□□□
C Not at all □ □ □ □ □ □ □ m X 2 3 S *<
D Not at all □  □ □ □ □ □ □  Extremely
E Not at all □ □ □ □ □ □ □  Extremely
F Not at all □ □ □ □ □ □ □ m X 5 3
Stop
Next
Figure 3-2 Interface used in the direct attributes part o f  the experiment
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3.3 Results
3.3.1 Post-Screening
A s aforementioned, in the direct attributes part o f  the experiment, the listeners were instructed to
assess the hidden reference using the bottom value o f  the scale and hence, if  they made mistakes 
in identification o f  this stimulus, this could indicate the need for screening the data. The scores o f  
listener l were removed from the spatial distortions data set. This procedure was applied due to 
the fact that he or she could not discriminate the unprocessed items in several instances (see 
Figure 3-3).
6
COco
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Figure 3-3 Box plots showing the scores obtained for the hidden reference in the assessm ent o f
the spatial distortions attribute (scores averaged across programme material)
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3.3.2 Overview of the Results
The results for the basic audio quality attribute are presented in Figure 3-4. These results are 
known as the actual BAQ  scores and they are presented here due to the fact that the intention o f  
this experiment was to predict the basic audio quality scores as a function o f  the four selected  
artefacts used in the study. The first observation that can be drawn from the BAQ  results is that 
the scores obtained for the audio processes used in the experiment spanned the w hole range o f  the 
ITU-R M U SH R A  scale. This indicates that the overall stimulus set achieved their objectives in 
order to ensure that the ITU-R M U SH R A  grading scale was spanned (see Section 3.2.3). The 
sam e observation can be made for the other attributes used in the experiment as the scores 
obtained for the audio processes employed in the study spanned the scale used for band limiting 
effect, ‘birdies’, pre-echo and spatial distortions (see Appendix A).
The results for basic audio quality by audio process also showed that the stimuli containing the 
m ost pronounced level o f  birdies (Birdies 1), the most severe example o f  pre-echo (Pre-echo 1), 
and the codec with the low est bit rate (c o l)  were considered as being the ones that had the lowest 
perceived basic audio quality (BA Q ). On the other hand, the examples related to the spatial 
distortions effect (M ono, S d l and Sd2), and the codec with the highest data rate (co4) were 
judged w ith the highest perceived BAQ .
The BAQ  results, however, are presented here as an overview  o f  the results and therefore no firm 
conclusions can be drawn regarding the contribution o f  the selected artefacts to the BAQ o f  the 
low  bit rate codecs. These conclusions w ill be shown in the next sections.
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Basic Audio Quality by Audio Process
Birdi®1 Fra-acho2 8d2 co3
Audio Process
Error Bars show 95.0% Cl o f Moan
Figure 3-4 M eans and associated 95% confidence intervals o f  the results for basic audio quality 
by audio process (scores averaged across programme material)
3.3.3 Correlation Analysis
The main aim o f  this experiment was to establish the relationship between the selected artefacts 
and B A Q  in low  bit rate two-channel stereo codecs. A s a first procedure to determine the 
connection between the attributes, a correlation analysis was performed in order to measure the 
linear relationship between the scores obtained for the attributes tested in the experiment. The
72
type o f  correlation used here was the so-called bivariate correlation. The scores obtained in the 
listening tests w ere averaged prior to the correlation analysis. The first conclusion that can be 
drawn from the correlation analysis (Table 3-4) is that there was only a moderate correlation 
betw een the data obtained for the attributes. The relatively m odest correlation coefficients found 
indicates that the subjects were able to understand the task on hand and therefore focused on 
analyzing each attribute independently. It is worth m entioning that all the correlation coefficients 
shown in Table 3-4 were statistically significant.
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Basic Audio 
Quality
Band
Limiting
Effect
Birdies Pre-echo Spatial
Distortions
B asic Audio  
Quality
1 -0 .5 5 5 -0 .5 7 8 - 0.324 - 0.506
Band
Limiting
Effect
-0 .5 5 5 1 0.603 -0 .1 6 1 0.344
Birdies -0 .5 7 8 0.603 1 0.087 0.171
Pre-echo - 0.324 -0 .1 6 1 0.087 1 0.256
Spatial
Distortions
-0 .5 0 6 0.344 0.171 0.256 1
Table 3-4 Correlation analysis o f  the data obtained in the experiment
It can be noticed in Table 3-4 that the scores for basic audio quality attribute are negatively
related to the ratings for all other attributes. This was due to the fact that scales w ith opposite
polarities w ere em ployed in the experiment. The scale used in the BAQ  part o f  the test ranged
from 0-100 (Bad to Excellent), w hilst the scale used in the direct attributes session  ranged from 1-
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7 (N ot at all to Extremely). Another conclusion that can be drawn is that ratings for the band 
lim iting effect and ‘birdies’ have a moderate to strong relationship as the correlation coefficient 
for these attributes is 0.603. It is important to mention here that the stimuli used in the experiment 
were not manipulated independently, w hich means that the stimuli processed to give rise to the 
‘birdies’ artefact, for instance, could also give rise to the band limiting effect. It can be 
hypothesised that i f  the stimuli w ere manipulated in a strictly independent w ay the correlations 
betw een the scores for the investigated attributes w ould be zero. Due to the relatively moderate 
coefficients presented in this analysis, it can be inferred that the subjects were able to rate the 
attributes separately. These m odest coefficients also suggest that the w ay the stimuli were 
manipulated did not affect significantly the independence in the appraisal o f  the attributes used in 
this experiment.
A s aforem entioned, the correlation analysis was performed as a first procedure in order to 
establish the relationship between the attributes investigated in this experiment. However, a 
correlation matrix cannot be used to predict the basic audio quality as a function o f  the selected  
artefacts used in this study. Hence, a regression analysis was carried out and it is described in the 
next section.
3.3.4 Regression Analysis
A  multiple linear regression analysis was performed in order to predict the basic audio quality 
(B A Q ) as a function o f  the artefacts investigated in this experiment. A s aforesaid, this regression  
analysis aimed to quantify the relative contributions o f  the four selected artefacts to the BAQ.
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The statistical m odel presented in the regression m odel summary (Table 3-5) presents an R value 
o f  0 .959 w hich represents the correlation between the predicted basic audio quality scores and the 
actual basic audio quality scores. The value o f  R2 is 0.919 w hich implies that the m odel is 
capable o f  predicting approximately 92% o f  variance o f  the BAQ  scores. This means that only 
8% o f  the variance o f  the actual B A Q  cannot be predicted by this regression model.
According to Field (2005), in terms o f  regression analysis, a variable is considered significant i f  
its significance level is sm aller than 0.05. In this m odel, the significance levels for all attributes 
were not greater than 0.05 (see Table 3-6). Therefore, they all are statistically significant. Thus, 
the regression equation for standardized coefficients w ould be:
BAQ =  —0.64 Pre-echo -  0 .58 B and Lim iting Effect -  0.23 B irdies
- 0 .1 8  Spatia l D istortions  (3 -1)
R R Square
0.959 0.919
Predictors: Band Lim iting Effect, ‘B irdies’, 
Pre-echo and Spatial Distortions.
Table 3-5 The regression m odel summary o f  the experiment
As in the correlation analysis, the negative coefficients found for all attributes are due to the 
polarity o f  the scale used in the second part o f  the experiment. A s mentioned above, in that scale 
values ranging from 1 (“N ot at all”) to 7 (“Extrem ely”) were assigned according to the perception
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o f  the magnitude o f  a particular attribute. Therefore, the greater the perception o f  the magnitude 
o f  the artefact the greater w ould be its value.
A s shown in Table 3-6 below , pre-echo and band limiting effect w ere the attributes that 
contributed the most to the basic audio quality scores follow ed by ‘birdies’ and spatial distortions. 
It is important to mention that the absolute values o f  the standardized coefficients show n in Table 
3-6 determine the strength o f  the relationship between the attributes and basic audio quality 
whereas the correlation coefficients shown in Table 3-4 provide only a first indication o f  the 
direction o f  the aforesaid relationship.
The purpose o f  the regression analysis described above was to quantify the contribution o f  band 
limiting effect, ‘birdies’, pre-echo and spatial distortions to the basic audio quality ratings 
obtained in the experiment.
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Standardized
Coefficients
Significance
Level
Band
Limiting
E ffect
-0.575 .0001
Birdies - 0.227 .0001
Pre-echo -0 .6 3 9 .0110
Spatial
Distortions
-0 .1 8 1 .0290
Dependent Variable: B asic A udio Quality
Table 3-6 The regression coefficients o f  the experiment 
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It was found that the basic audio quality can be predicted relatively accurately based on the 
contributions o f  the band limiting effect, ‘birdies’, pre-echo and spatial distortions. This 
conclusion is based on the fact that -  according to the m odel proposed here -  92% o f  variance o f  
the B A Q  scores can be predicted using the m odel developed in this analysis.
Additionally, the regression equation established here (3-1) revealed that pre-echo and band 
limiting effect were the artefacts that m ost contributed to the basic audio quality ratings obtained 
in this study, follow ed by ‘birdies’ and spatial distortions.
3.4 Validation Experiment
After the com pletion o f  the first experiment, a question arose: Would this regression m odel work 
when applied to a different panel o f  subjects in an experiment using alternative programme 
material and other levels o f  degradations? One o f  the main reasons that led to this question was to 
check whether the level o f  degradations em ployed in the first experiment affected the model. In 
order to address the aforesaid question a further experiment was undertaken to validate the 
regression model obtained in the first experiment. A  listening test was then performed using 
another panel o f  expert listeners, different levels o f  processed degradations and an alternative 
selection o f  programme material.
3.4.1 General Methodology of the Validation Experiment
The sam e m ethodology applied in the previous experiment was applied in the validation test (see  
Section 3.2.1).
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3.4.2 Selection of Audio Material of the Validation Experiment
The recordings used in the validation experiment -  as in the previous one -  were selected from 
the ‘E BU  -  Sound Quality A ssessm ent Material C D ’ (EBU 1988a). The criteria o f  being critical 
for system s with processes related to bit rate reduction was applied in the selection procedure 
(E B U  1988b). In addition, audio content containing transient signals and high frequencies was 
em ployed since, according to Erne (2001), excerpts with these characteristics w ould be suitable 
for revealing the artefacts under analysis here. Table 3-7 shows the programme material used in 
the validation experiment.
Excerpt
No.
Genre Duration Artist/ Title Description
1 Jazz
M usic
6s Moeda, 
Arakawa and 
Inomato/ 
Broadway
Saxophone and clarinet playing 
high frequency content in both 
channels. Drums pausing and 
playing attacking notes in 
several parts o f  the excerpt. 
Prominent cymbals in both 
channels.
2 Classical
M usic
10s Stravinsky -
Charles
Dutoit/
Le Sacred du 
Printemps
Wind ensemble. Trumpet 
playing high frequency notes in 
both channels Trombone playing 
low  frequency content mainly in 
right channel. Reverberant 
ambient.
Table 3-7 Programme material used in the validation test
3.4.3 Processing of Audio Material of the Validation Experiment
A s in the first test, it was decided to use three levels o f  processing as a necessary minimum  
number to span the scales used in the experiment. These levels included: (1) highly degraded
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samples; (2) no processing, and (3) intermediate levels o f  degradation. This approach was 
required in order to ensure the high span o f  the scores for all the grading scales.
However, the three levels o f  degradations used for each one o f  the selected artefacts (band 
lim iting effect, ‘birdies’, pre-echo, and spatial distortions) were adjusted differently in the 
validation experiment. This was done in order to check the generasability o f  the results obtained 
in the first experiment. The tools for processing the audio content were Matlab written algorithms 
and freeware audio encoders. Although different levels o f  degradations w ere applied in the 
validation test, the procedures used to generate these degradations were the sam e used in the 
previous test (see Section 3.2.3). Table 3-8 presents all the audio processes employed in the 
validation experiment.
3.4.4 Equipment and Acoustical Conditions of the Validation 
Experiment
The sam e equipment and acoustical conditions used in the first experiment w ere used in the 
validation test (see Section 3.2.4).
3.4.5 Listening Tests Procedure of the Validation Experiment
The same m ethodology em ployed in the first experiment was adopted in the validation test (see  
Section 3.2.5).
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N r. C ode Process Justification
1 BL1 Low-pass filtering 
down to 3.5 kHz
Pronounced artefact 
related to the band 
limiting effect
2 BL2 Low-pass filtering 
down to 10 kHz
Intermediate artefact 
related to the band 
lim iting effect
3 Birdies 1 MPEG-1 layer-3 
(M P3) codec with bit 
ra te=  16 kbit/s
Pronounced artefact 
related to ‘birdies’
4 Birdies2 MPEG-1 layer-3 
(M P3) codec with bit 
rate =  96 kbit/s
Intermediate artefact 
related to ‘birdies’
5 Pre-echo 1 Pre-echo time 
advance o f  60 
m illiseconds
Pronounced artefact 
related to pre-echo
6 Pre-echo2 Pre-echo time 
advance o f  30 
m illiseconds
Intermediate artefact 
related to pre-echo
7 M ono M ono down-mix Pronounced artefact 
related to spatial 
distortions
8 Sdl M S Coding process 
with the amplitude o f  
“S” reduced by 21dB
Intermediate artefact 
related to spatial 
distortions
9 Sd2 M S Coding process 
with the amplitude o f  
“S” reduced by 9 dB
Small artefact related 
to spatial distortions
Table 3-8 Processing o f  audio material used in the validation experiment
3.5 Results of the Validation Experiment
3.5.1 Post-Screening of the Validation Experiment
The sam e post-screening procedure reported in Section 3.3.1 was applied in the validation 
experiment. Here, however, no case was found in w hich the listeners could not discriminate the
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unprocessed items in several times. Hence, there w as no need for screening the data o f  any 
listeners.
3.5.2 Overview of the Results of the Validation Experiment
A s in the first experiment, the results for basic audio quality showed that the stimuli used in the 
validation experiment spanned the w hole range o f  the ITU-R scale (see Figure 3-5). The same 
pattern was observed for the other attributes as the scores obtained for the audio processes 
em ployed in the experiment spanned the scale used for band limiting effect, ‘birdies’, pre-echo 
and spatial distortions (see Appendix A).
The results for BAQ presented the sam e tendency observed in the first experiment. The stimulus 
containing the m ost pronounced level o f  ‘birdies’ (Birdies 1) and the stimulus with the most 
severe exam ple o f  the band limiting effect (BL1) were graded as being the ones that m ost affected 
the perceived basic audio quality, whereas the stimuli containing spatial distortions (M ono, Sdl 
and Sd2) were rated, as shown in Figure 3-5, as the least important in terms o f  affecting the 
overall BAQ.
A s in the first experiment, the BAQ results are shown here as a first exploratory analysis. Further 
indication concerning the contribution o f  the selected artefacts to the BAQ ratings are going to be 
shown in the next sections.
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Basic Audio Quality by Audio Process
Audio Process
Error Bars show 95.0% Cl of Mean
Figure 3-5 Means and associated 95% confidence intervals o f  the results for basic audio quality 
by audio process o f  the validation experiment (scores averaged across programme material)
3.5.3 Correlation Analysis of the Validation Experiment
A s in the first experiment reported in this chapter, a correlation analysis was performed as a first 
step to quantify the relationship betw een the attributes investigated in this experiment.
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The first observation that can be made from the correlation analysis (Table 3-9) is that the scores 
obtained for BAQ  are negatively correlated to the ones obtained for all other attributes with the 
exception o f  spatial distortions. The explanation for the negative correlation is -  as 
aforementioned — that different grading scales with opposite polarities w ere em ployed in the two 
parts (BAQ and direct attributes) o f  the experiment. Although positive, the correlation between  
the scores for basic audio quality and spatial distortions presented a small coefficient. This 
suggests that spatial distortions had a sm all contribution to the BAQ  scores obtained in the 
experiment.
It can also be noticed in Table 3-9 that most o f  the correlation coefficients between the direct 
attributes were relatively small. Hence, it can be inferred that the subjects understood what was 
being evaluated and focused on the analysis o f  each particular attribute. Additionally, it can be 
suggested that the attribute scales were used independently. It is also worth noting that the 
correlation between ‘birdies’ and band limiting effect was much lower in the validation  
experiment than in the previous one. The reason for this may be related to the fact that other 
levels o f  degradations were employed in this experiment, w hich could have led the listeners to 
distinguish these two attributes more clearly.
However, no firm conclusions can be drawn from the correlation analysis concerning the 
contribution o f  band limiting effect, ‘birdies’, pre-echo and spatial distortions to the basic audio 
quality ratings o f  the validation experiment. Therefore -  as in the previous experiment -  a 
multiple linear regression analysis was performed in order to quantify the aforesaid contribution.
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3.5.4 Regression Analysis of the Validation Experiment
A  multiple linear regression analysis was performed in order to quantify the contribution o f  band 
lim iting effect, ‘birdies’, pre-echo and spatial distortions to the basic audio quality (BA Q ) ratings 
in the validation experiment.
The regression model summary (Table 3-10) show s a value o f  0.979 for R that represents the 
correlation between the predicted BAQ scores and the actual BAQ scores. Moreover, the value o f  
R2 at 0.959 im plies that the m odel is capable o f  predicting approximately 96% o f  variance o f  the 
B A Q  scores, w hich means that this m odel is slightly more accurate than the one developed in the 
first experiment.
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Basic Audio 
Quality
Band
Limiting
Effect
Birdies Pre-echo Spatial
Distortions
B asic Audio 
Quality
1 - 0.705 -0 .6 1 8 - 0.483 0.094
Band
Lim iting
Effect
- 0.705 1 0.335 - 0.073 0.195
Birdies -0 .6 1 8 0.335 1 0.106 -0 .3 8 1
Pre-echo - 0.483 -0 .0 7 3 0.106 1 -0 .1 3 6
Spatial
Distortions
0.094 0.195 -0 .3 8 1 -0 .1 3 6 1
Table 3-9 Correlation analysis o f  the data obtained in the validation experiment
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R R Square
0.979 0.959
Predictors: Band Limiting Effect, ‘Birdies’, 
Pre-echo and Spatial Distortions.
Table 3-10 The regression m odel summary o f  the validation experiment
In this model (Table 3-11) the significance values were smaller than 0.05 for all attributes. 
Therefore, all attributes can be considered significant. The equation determined for standardized 
coefficients was:
BAQ  — — 0.65 B and Lim iting Effect -  0.52 Pre-echo -  0.45 B irdies
-  0.27 Spatia l D istortions  (3-2)
This equation is fairly similar to the one derived in the first experiment in the sense that — 
although not necessarily in this order -  band limiting effect and pre-echo were the attributes that 
contributed the m ost to the B A Q  rating. This leads to the conclusion that the m odel proposed in 
the first experiment is similar to the one developed in the validation experiment.
The purpose o f  the regression analysis described above was to quantify the contributions o f  band 
limiting effect, ‘birdies’, pre-echo and spatial distortions to the basic audio quality ratings 
obtained in the validation experiment. Additionally, this analysis w as performed in order to 
validate the m odel proposed in the first experiment (see Section 3.3.4). It was found that the 
m odel proposed in the validation experiment is capable o f  predicting 96% o f  the basic audio
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quality ratings based on the contributions o f  the band limiting effect, ‘birdies’, pre-echo and 
spatial distortions. The regression equation proposed (3-2) in the validation experiment revealed 
that band limiting effect and pre-echo contributed the most to the basic audio quality scores o f  the 
validation experiment follow ed by ‘birdies’ and spatial distortions. These coefficients were fairly 
similar to the ones presented in the first experiment which suggests that the m odel proposed in 
that experiment works similarly even when different panel o f  subjects are used, alternative 
programme material are em ployed and other levels o f  degradations are adopted.
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Standardized
Coefficients
Significance
Level
Band
Limiting
Effect
- 0.645 .0001
Birdies -0 .4 5 1 .0001
Pre-echo -0 .5 1 9 .0001
Spatial
Distortions
- 0.273 .0001
Dependent Variable: B asic Audio Quality
Table 3-11 The regression coefficients o f  the validation experiment
Figure 3-6 shows a comparison between the standardized regression coefficients found in both 
experiments reported in this chapter. The artefacts that m ost contributed to the basic audio quality 
ratings were band limiting effect and pre-echo. In both experiments, band limiting effect and pre­
echo can be considered ‘strong’ artefacts whereas birdies and spatial distortions can be classified
as ‘weaker’ since the absolute values assigned for band limiting effect and pre-echo were larger
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( ‘stronger’) than the ones assigned for birdies and spatial distortions ( ‘weaker’). It can also be 
noticed in Figure 3-6 that the confidence intervals for the regression values o f  the validation 
experiment were smaller than the ones found in the first experiment. This may be related to the 
fact that the correlation between the direct attributes was lower in the validation experiment than 
in the previous one. It can then be suggested that the subjects used the attribute scales more 
independently in the validation experiment which led to smaller confidence intervals.
Standardized regression coefficients found in both experiments
Band Limited Effect Pre-echo Spatial Distortions
-0  1 ■ 
-02
*-°3I•3
*5 -0 4 -
8 -° 5 ■* IS
-0  6 - 
-0.7 
-0 8 MMNI
E r ro r  B a rs  show  95% C l o f M ean
□ First Experiment 
■  Validation Experiment
Figure 3-6 Comparison between the regression coefficients found in both experiments reported in
this chapter
The regression equation established in the first test was applied to predict the BAQ scores from 
the validation test. This approach was taken in order to attempt to validate the model proposed in
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the first experiment. Figure 3-7 shows the predicted BAQ  using the m odel developed in the first 
experiment versus the actual B A Q  scores obtained in the validation experiment. The correlation 
between them was equal to R =0.88, w hich means that the m odel developed in the first experiment 
can be used to predict the scores o f  the validation experiment with relative accuracy. This also 
suggests that the model proposed in the first experiment is relatively valid.
Actual BAQ scores
Figure 3-7 Predicted B A Q  using the m odel developed in the first experiment versus the actual 
B A Q  scores obtained in the validation experiment (diagonal shows the y=x  line)
8 8
3.6 Discussion
D espite the promising results found in both experiments reported in this chapter, the conclusions 
drawn from the experiments reported in this chapter need to be reported with caution. In both 
experiments, for instance, only two recordings were used. Although this number o f  programme 
items m ay be appropriate for the assessm ent reported here, it is worth considering that i f  more 
recordings had been used in the experiments the results obtained here w ould be more 
generalisable (ITU-R B S.1534 2001).
Another limitation o f  the pilot study reported in this chapter is related to the degradations 
generated to create the selected artefacts (band limiting effect, ‘birdies’, pre-echo and spatial 
distortions) that were used in this experiment. Although inspired by the study conducted by Erne 
(2001) these degradations were generated artificially using Matlab custom algorithms and 
com m ercially available encoders. A lso, as previously stated, the degradations were not 
manipulated independently, w hich means that the stimuli processed to g ive rise to the ‘birdies’ 
artefact, for instance, could also g ive rise to the band limiting effect. Hence, the conclusions 
drawn from the pilot study reported in this chapter need to be cautious. However, the correlation 
coefficients found for the direct attributes used in the experiment w ere relatively low. 
Furthermore, the scales o f  these attributes were spanned. This suggests that the assessors were 
able to identify the degradations and analyze the attributes independently.
One o f  the major limitations o f  this pilot study, however, is the number o f  artefacts analyzed. As 
described in Chapter 1 (see Table 1-2) more than ten artefacts intrinsic to low  bit rate codecs have 
been identified by researchers whereas only four o f  them were analyzed here. The reason for 
selecting band limiting effect, ‘birdies’, pre-echo and spatial distortions was that, according to
Chapter 3: Pilot Study— The Relationship between Selected Artefacts and Basic Audio Quality in
Perceptual Audio Codecs
89
Erne (2001), these artefacts are prevalent in perceptual audio codecs. A lso  -  due to time 
constraints -  only four artefacts could be analyzed in this pilot study. Further experimentation 
w ould be needed to quantify the contribution o f  the artefacts not tested here to the B A Q  o f  low  bit 
rate two-channel codecs. Additionally, even all the artefacts shown in Table 1-2 may not 
constitute an exhaustive list o f  artefacts pertinent to m odem  two-channel stereo codecs, which  
suggests that further experimentation is needed in order to identify more artefacts inherent to 
m odem  perceptual audio codecs.
It is worth mentioning that the sam ple sizes used in the study reported in this chapter, although 
not very large, conform to the specifications o f  the B S .1116 standard (ITU-R BS 1994-1997). 
A lso, the relatively sm all confidence intervals shown in Figure 3-6 suggest that the sample sizes 
used in the experiments reported in this chapter were satisfactory.
In addition, one o f  the objectives o f  this pilot study was to get som e insight into the problem  
domain and to highlight any potential difficulties in this type o f  research. One o f  the concerns was 
whether the regression m odelling could be used to quantify the relationship between the. 
perceptual attributes em ployed in the experiment. The regression m odelling adopted in this study 
proved to be robust to changes in scaling or changes in levels o f  degradations im posed to the 
recording. In addition, the results obtained in this chapter could be considered satisfactory in 
terms o f  accuracy o f  prediction. Thus, it can be inferred that regression m odelling techniques can 
be employed in further experimentation that aims to quantify the relationship between perceptual 
attributes in multichannel audio codecs.
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3.7 Summary
This chapter presented a pilot study that was conducted to investigate the relationship between  
four typical codec artefacts (band limiting effect, ‘birdies’, pre-echo and spatial distortions) and 
basic audio quality in perceptual audio codecs. This was done by means o f  a two-part experiment 
(first experiment and validation experiment).
A  correlation analysis was carried out as a first step to establish the relationship between the 
attributes assessed in this study. The correlation coefficients obtained in both experiments (first 
experiment and validation experiment) indicated that the rating on the four scales had a moderate 
degree o f  independence.
A  multiple linear regression analysis was performed in order to quantify the contribution o f  band 
limiting effect, ‘birdies’, pre-echo, and spatial distortions to the BAQ o f  low  bit rate two-channel 
stereo codecs.
The results obtained in both experiments reported in this chapter revealed that the basic audio 
quality ratings can be predicted with relative accuracy, as the m odel proposed in the first 
experiment is capable o f  predicting 92% o f  variance o f  the BAQ scores whereas the model 
suggested in the validation experiment is capable o f  predicting 96% o f  the variance in the BAQ  
ratings. This answers the first research question that was established at the beginning o f  this 
chapter.
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The regression m odelling adopted in this study proved to be robust to changes in scaling or 
changes in levels o f  degradations im posed to the recording. This indicates that it might be safe to 
include this method to further experimentation investigating multichannel audio codecs.
The outcom es o f  the pilot study can be used by developers in the audio coding field as they often 
have to make quality trade-offs when designing such system s. In both experiments, two o f  the 
attributes analyzed could be considered ‘strong’ (band limiting effect and pre-echo) w hile two o f  
them can be classified as ‘weaker’ ( ‘birdies’ and spatial distortions) in terms o f  their effect on the 
basic audio quality. Based on these findings, codec designers when developing a new  system  
should, for instance, aim to avoid artefacts related to band limiting effect and pre-echo.
How ever, it is important to mention that this study was restricted to four types o f  artefacts 
inherent to two-channel stereo coding formats. This leads to the conclusion that there is a need for 
more investigation into the contribution o f  other known coding artefacts to the BAQ  o f  perceptual 
audio codecs.
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4 Unravelling the Relationship between Basic Audio Quality and
Fidelity Attributes in Low Bit Rate Multichannel Audio Codecs
4.1 Introduction
A s delineated in Chapter 2, the evaluation o f  surround sound codecs has been limited to the 
approaches that use one o f  the aforementioned ITU-R standards (B S .l 116 and B S .l 534) to assess 
the basic audio quality (B A Q ) o f  the codecs. This procedure does not provide any information 
about the perceptual factors that influence the perceived BAQ  o f  the coding system s. In Chapter 
3, a pilot study that quantified the contributions o f  four selected artefacts to the basic audio 
quality o f  low  bit rate two-channel stereo codecs was described. A s a further step towards the 
characterization o f  the perceptual effects introduced by low  bit rate spatial audio codecs, it was 
initially decided to conduct an experiment with attributes based on those that are listed in both 
aforesaid ITU-R standards and are recommended for the assessment o f  multichannel audio 
system s. These attributes are front im age quality and impression o f  surround quality and -  to the 
author’s know ledge — they had not yet been tested in perceptual audio codecs.
According to ITU-R B S .l534 (ITU-R 2001), front image quality is related to the localization o f  
the frontal sound sources w hich includes stereophonic image quality and losses o f  definition. 
Impression o f  surround quality is an attribute related to spatial impression, ambience and special 
directional surround effects.
Z ielinski et al (2005) used the terms frontal spatial fidelity and surround spatial fidelity and tested 
the perceptual importance o f  these attributes along with basic audio quality and timbral fidelity in 
the evaluation o f  5.1 surround audio system s. In their study, they justified the adoption o f  the
Chapter 4: Unravelling The Relationship Between Basic Audio Quality and Fidelity Attributes in
Low Bit Rate Multichannel Audio Codecs
93
Chapter 4: Unravelling The Relationship between Basic Audio Quality and Fidelity Attributes in
Low Bit Rate Multichannel Audio Codecs
term fidelity rather than quality by explaining that fidelity scales would be more appropriate for 
the comparison o f  degraded stimuli to an unimpaired reference. M oreover, they assumed that the 
term fidelity describes trueness o f  a given  stimulus compared to a reference, whereas the term 
quality is related not only to the trueness o f  but also contains a hedonic component (preference, 
liking, disliking, and so forth.). A lso, according to B osi and Goldberg (2003), one o f  the most 
important parameters that should be taken into consideration when evaluating perceptual audio 
codecs is fidelity. They also state that “fidelity addresses how perceptually equivalent the output 
o f  a codec is to the original input signal” (B osi and Goldberg 2003, p 6). H ence, the term fidelity 
was adopted in this study. Additionally, the importance o f  using these attributes in an experiment 
for evaluating surround audio codecs is that the cited attributes are derived from the main 
attribute classes for sound quality assessm ent which, according to Letowski (1989), are timbral 
quality and spatial quality.
The principal aim o f  the study described in this chapter was to investigate the contribution o f  
timbral fidelity, frontal spatial fidelity and surround spatial fidelity to the basic audio quality o f  
low  bit rate surround sound codecs. This is second objective that is described in Section 0.2 and 
was adopted in this research project w ith the intention o f  exploring the sonic performance o f  low  
bit rate spatial audio codecs beyond the basic audio quality attribute. One o f  the main differences 
between the pilot experiment reported in Chapter 3 and the study described in this chapter was 
that the pilot study was restricted to two-channel audio codecs whereas the experiment reported in 
this chapter was the first one in this research project to involve multichannel audio codecs.
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The follow ing research questions were intended to be addressed by this experiment:
1. Can BAQ  be predicted with accuracy based on the contributions o f  timbral fidelity, frontal 
spatial fidelity and surround spatial fidelity?
2. What are the contributions o f  timbral fidelity, frontal spatial fidelity and surround spatial 
fidelity to the basic audio quality o f  low  bit rate multichannel audio codecs?
4.2 Experimental Method
4.2.1 General Methodology
The aim o f  this experiment was to quantify the contribution o f  frontal spatial fidelity, surround 
spatial fidelity, and timbral fidelity to the basic audio quality in the context o f  low  bit-rate 
multichannel codecs. A  listening test was carried out in order to quantify the aforementioned  
contribution. The test was conducted in four parts. Firstly, the subjects assessed the basic audio 
quality o f  the audio stimuli presented. For the follow ing three parts o f  the experiment, the same 
listeners were asked to assess each one o f  the fidelity attributes (timbral fidelity, frontal spatial 
fidelity, and surround spatial fidelity) separately using the same audio stimuli em ployed in the 
BAQ  part. The results obtained from this experiment w ere used as a basis for developm ent o f  a 
regression m odel with the intention o f  predicting the basic audio quality as a function o f  the 
fidelity attributes. M ultiple linear regression was the first statistical method chosen for 
establishing the relationship between BAQ  and the fidelity attributes. One o f  the purposes o f  the 
pilot study reported in Chapter 3 was to check whether the regression m odelling is a suitable 
technique for establishing such relationship. The outcom e o f  that experiment was positive and
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hence this technique was chosen for the study reported in this chapter. Regression m odelling is
also known for its appropriateness for quantifying the contribution o f  independent predictor
variables (timbral fldelitiy, frontal spatial fidelity and surround spatial fidelity) to a dependent
outcom e variable (basic audio quality) (Norusis 2006b). The regression m odel developed here
made it possible to quantify the contribution o f  the aforementioned fidelity attributes to the basic
audio quality o f  low  bit rate surround sound codecs. It w as hoped that the findings o f  this study
w ould enhance understanding regarding the factors affecting the basic audio quality ratings o f
low  bit rate multichannel audio codecs.
4.2.2 Selection of Programme Material
A s stated by Soulodre e t a l (1998), the process o f  carefiil selecting audio stimuli is essential for 
m eaningful evaluation o f  perceptual audio coding system s, since codecs do not achieve the same 
performance with all audio materials. Given that the main goal o f  this thesis w as to characterize 
the perceptual effects introduced by low  bit rate spatial audio codecs, an effort was made to find 
programme material w hich w ould stress the codecs under test and therefore give rise to these 
perceptual effects. The selection process is described in the next paragraph.
Firstly, an audio library consisting o f  seventy multichannel audio excerpts was created by the 
author after collecting recordings from more than sixty comm ercially released D V D ’s. The 
excerpts o f  this library covered a w ide range o f  currently used surround sound programme 
material, such as classical m usic, speech, pop music, m ovies, and TV sport. The seventy audio 
sequences were then processed through each o f  the ten multichannel audio codecs used in the 
experiment (see Table 4-2). After listening to all items, the author selected a subset o f  twenty 
recordings as being the m ost critical in terms o f  affecting the overall BAQ  o f  the codecs. A  panel 
o f  six  PhD researchers o f  the Institute o f  Sound Recording, University o f  Surrey was then invited
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to take part in a sem i-formal test. In this test, the panel o f  expert listeners was asked to select the 
items that when processed using codecs exhibited a w ide range o f  coding artefacts. The results o f  
this sem i-formal test were used to choose the programme material that was used in the 
experiment reported in this chapter.
Three multichannel audio excerpts were selected for the study described in this chapter. This 
number o f  recordings conforms to the requirements described in the ITU-R B S.1534 standard 
(ITU-R 2001). In addition, according to the concepts introduced by Zielinski et al (2005), the 
recordings used in this study presented the F-F spatial m ode (prominent foreground information 
in both front and rear channels) rather than the F-B one (predominant foreground content and 
background information in the rear channels). The rationale for this choice was based on the fact 
that the subjects were also asked to assess the surround spatial fidelity o f  the stimuli presented. 
Therefore the content o f  the rear channels w as highly relevant. Additionally, in a study conducted 
by Barbour (2005), the F-F spatial mode was considered the most critical in terms o f  affecting the 
overall BAQ  o f  the multichannel audio codecs used in that study (see Section 2.4). The 
descriptions o f  the programme material used in the experiment are shown in Table 4-1.
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Excerpt
No.
Genre Duration Artist/
Title
Spatial
Mode
Description
1 Pop
M usic
10s Porcupine
Tree/
Sound o f  
Muzak
F-F Guitars, lead vocals, and 
pronounced cymbals in front 
channels. Backing vocals and 
acoustic guitar in rear channels.
2 Pop
M usic
9s E agles/
Seven
Bridges
Road
F-F Five singers (voices), each one in a 
different channel with applause 
content surrounding the listener.
3 Jazz
M usic
9s • D avid I<oz/
Y ou are 
m e, I am 
you
F-F Guitar playing the m elody  
accompanied by castanets in front 
channels. Synthesizer with  
percussions in rear channels.
Table 4-1 Programme material used in the experiment
4.2.3 Audio Processes
A s aforementioned, according to M ason et al (2007), the demand for high quality audio coding 
system s at bit rates o f  256 kbit/s (5.1 channel m ode) or below  has not yet been fulfilled. Thus, in 
this study, only multichannel audio codecs with data rates below  the aforementioned one were 
employed. The adoption o f  these bit rates in this study is also justified by the fact that in this 
experiment, the subjects were asked to assess the influence o f  typical codec perceptual effects in 
the attributes assessed. Therefore, low  data rates were needed in order to give rise to noticeable 
levels o f  these effects. Additionally — as stated in Section 0.2 — the codecs used in the experiment 
were chosen for being representative in terms o f  popularity and range o f  coding technologies.
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Moreover, two artificially processed items were used in order to span the w hole range o f  the
scales used in the experiment and also to assess the consistency o f  the judgem ent made by the
listeners. One o f  these artificially processed items was a recommended low quality anchor
according to ITU-R B S.1534 (ITU-R 2001), which is a low-pass filtered version o f  the
unprocessed signal with a bandwidth o f  3.5 kHz. For consistency, this filter had the same
characteristics as the one described in Section 3.2.3. The other artificially processed item used in
the experiment was a spatial anchor w hich was already used by the European Broadcasting Union
(EBU) in one o f  their latest tests (M ason et al. 2007). A  key reason for using this spatial anchor
was to stimulate the listeners to assess the spatial image. This spatial anchor introduced crosstalk
between the channels which led to a distortion o f  the spatial image. The follow ing equation was
used to create the spatial anchor:
C' =  C +  L (-3 d B ) + R (-3 d B ) (4-1)
L’ = L + C (-3dB) + LS (-3dB)
R' = R + C (-3dB) +  RS (-3dB)
LS' = LS + L (-6dB)
RS' =  RS + R (-6dB)
where
C1 - centre output channel 
L' - front left output channel 
R ’ - front right output channel 
L S ’ - left surround output channel 
RS' - right surround output channel 
C - centre input channel 
L - front left input channel
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R - front right input channel 
LS - left surround input channel 
RS - right surround input channel
Table 4-2  provides a list with all the processes em ployed in the experiment.
No. C ode P rocess
1 MPS M PEG 1 Layer III w ith MPEG Surround at 64 kbit/s
2 DTS D igital Theatre System at 192 kbit/s
3 KLT Karhunen-Loeve Transform based encoder (Jiao e t a l 2007) with 
M PEG 4 High Efficiency - Advanced Audio Coding Plus 
(AACplus) at 64 kbit/s
4 AC3 D olby D igital (A C-3) at 224 kbit/s
5 AACplus M PEG 4 High E fficiency - Advanced Audio Coding Plus 
(AACplus) at 64 kbit/s
6 A A C M PEG-4 A dvanced A udio Coding at 64 kbit/s
7 W M A W indows M edia A udio 9.1 at 128 kbit/s
8 A udX192 A ud-X at 192 kbit/s
9 AudX80 A ud-X at 80 kbit/s
10 M PEGcasc M PEG 1 Layer III with MPEG Surround re-encoded (5 stages) at 
64 kbit/s
11 SA Reduced spatial im age width anchor; middle quality anchor used by 
M ason e t a l (2007) and described by equation (4-1)
12 3.5 Low-pass filtering down to 3.5 kHz; a recommended low  quality 
anchor according to ITU-R BS 1534 (ITU-R 2001)
Table 4-2 Audio processes used in the experiment (all codec bit rates listed w ere used in 5.1
channel operation m ode)
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4.2.4 Acoustical Conditions and Equipment
The listening tests were conducted in the Listening Room o f  the Institute o f  Sound Recording at 
the U niversity o f  Surrey. The acoustical parameters o f  this room are conformant to the 
requirements o f  ITU-R B S .l 116 recommendation (1994-1997).
F ive G enelec 1032 loudspeakers w ere arranged according to ITU-R B S.775 (1994). This setup 
can be found in Figure 0-1. A s aforesaid, the LFE (low  frequency effects) channel w as not used  
in this investigation due to the fact that the reproduction o f  the LFE is optional in consumer audio 
system s. Som e multichannel recordings do not contain any information in the LFE channel, and 
according to Rum sey (2001), 5.1 channel m ode recordings should be able to achieve satisfactory 
performance even w hen the LFE is not reproduced. Thus, the LFE channel was omitted.
The distance between the loudspeakers and the optimum listening position w as equal to 2.1 m. 
The listener position was restricted to the centre point. The dimensions o f  the room can be found 
in Figure 4-1.
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Figure 4-1- The dim ensions o f  the room used in the experiment
The loudness o f  all stimuli used in this study was equalized in order to avoid any experimental 
effect due to loudness differences. Loudness evaluation was achieved by the measurement o f  
. equivalent sound pressure level in one-third-octave bands over w indows o f  more than thirty 
seconds, using looped versions o f  the programme material. M oore’s loudness m odel (M oore 
2003) was used to calculate the loudness. The level o f  the programme material was adjusted in 
order to achieve an average loudness o f  41 sones at the listening position. A ccording to informal 
listening tests performed by Zielinski et al (2003), this value was considered a being the most 
comfortable one for experiments conducted in that room.
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4.2.5 Listening Tests Procedure
The listening test consisted o f  four sessions. Firstly, fifteen experienced subjects chosen from 
among final year Tonmeister students and PhD researchers o f  the Institute o f  Sound Recording, 
University o f  Surrey assessed the basic audio quality o f  the audio stimuli presented. A s in the 
previous experiment reported in this thesis, a relatively sm all panel o f  expert listeners was chosen  
due to the fact that critical listening skills were required for this study. In the BAQ  part o f  the 
study, the M USH RA paradigm w as em ployed as the test method due to its suitability tor quick 
assessm ent and comparison between many audio stimuli when assessing the basic audio quality 
o f  the codecs.
For the follow ing three parts o f  the experiment, the same listeners were asked to assess the 
fidelity attributes (timbral fidelity, frontal spatial fidelity, and surround spatial fidelity) separately. 
However, another grading scale w as used in these parts o f  the experiment. This scale ranged from 
“high fidelity” to “low  fidelity” (see Figure 4-2) without any labels in between. This type o f  scale 
w as adopted in order to m inim ize the quantization effect described by Zielinski et al (2008). 
A ccording to their paper, this effect may occur w henever there are labels or numbers on the 
scales. Typically, the listeners tend to use these labels or numbers more often than the other 
points o f  the scale. This can cause som e differences and the scores can be either compressed or 
expanded. Additionally, it is very difficult to create equal perceptual intervals between the labels 
along the scale. Thus, a scale containing only labels at the endpoints was employed for the 
assessm ent o f  the fidelity attributes.
The listeners w ere asked to assess each one o f  the fidelity attributes individually. Thus, in the 
timbral fidelity part they w ere required to ignore any spatial changes in the sound reproduction.
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W hen judging frontal spatial fidelity the assessors were asked to take into account only spatial
changes perceived inside the frontal arc (between the left and right loudspeakers) whereas in the
surround spatial fidelity appraisal the listeners had to assess the spatial degradations observed
outside the frontal arc (not between the left and right loudspeakers). A  detailed description o f  the
attributes as w ell as the forms with the instructions given to the subjects is shown in Appendix B.
Before the tests, an interactive training session was performed in which the listeners were asked 
to describe the perceived differences between an unimpaired reference and the processed items 
(see Figure 4-3). The stimuli used in the training session were the same as those used in the 
proper test. The listeners were required to write the aforementioned differences on a sheet o f  
paper. This was done separately for the three aforementioned fidelity attributes. Hence, they had 
to write the perceived timbral differences in the training session o f  the timbral fidelity attribute; 
the differences detected inside the frontal arc in the training session o f  the frontal spatial fidelity 
attribute; and the differences perceived outside the frontal arc in the training session  o f  the 
surround spatial fidelity attribute. Examples o f  responses included statements such as “duller” 
and “lacks high frequencies” for timbral fidelity; and “narrower” and “less focused” for both 
spatial attributes. This is an indication that the listeners understood the differences between the 
attributes under analysis and consequently were aware o f  the task on hand.
The hidden reference, w hich is the original unprocessed original audio material; the ITU-R  
B S .l534 recommended low  quality anchor, w hich is a low-pass filtered version o f  the 
unprocessed signal with a bandwidth o f  3.5 kHz; and the spatial anchor (“SA ” process in Table 4- 
2), were also included among the audio stimuli o f  the four sessions o f  the experiment. The 
listeners were instructed to give the top value from the scale to the hidden reference for all 
fidelity and B A Q  scales. A s previously stated, the instructions can be found in Appendix B.
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In all four parts o f  the experiment, the order o f  the recordings and the order o f  the stimuli were 
randomized. This was done with the intention o f  avoiding the carryover effect (Bech and 
Zacharov 2006).
page : i /6 please assess the Frontal Spatial Fidelity.
Now Playing: o f f  Reference J
A )  B l  C l  D j  e ) f J q ) h ]
<t»— *s... .I■ u*r ■ s J  'w , J  J
High
Fidelity
Low
Fidelity ,
£ £ £ £  £  
Stop J
fa fa £
Save & 
Next»
Figure 4-2 Interface used for the assessment o f  the fidelity attributes
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Timbral Fidelity - Training
Please describe the changes in TIMBRAL FIDELITY perceived in examples A to H
Now Playing Reference j
Finish
Figure 4-3 Interface used for the interactive training session o f  the experiment
4.3 Results
4.3.1 Post-Screening
The raw data was post-screened in order to verify both the reliability and the consistency o f  the 
assessors. Inconsistent and unreliable participants were then excluded from further analysis. The 
details o f  this procedure can be found in Appendix C.
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4.3.2 Overview of the Results
The name o f  the codecs are concealed from this section onwards due to the fact that the purpose 
o f  this experiment was not to assess the performance o f  the low  bit rate multi-channel audio 
codecs but rather to unravel the relationship between basic audio quality and the three fidelity 
attributes (timbral fidelity, frontal spatial fidelity and surround spatial fidelity) in them, hi 
addition -  as mentioned in Section 4.2.3 -  the bit rates used in this study were chosen in order to 
make the codec artefacts clearly audible w hich does not necessarily mean that they are optimum  
for the performance o f  the codecs under test. Therefore any codec comparisons w ould not be fair 
and hence the names codec A , B and so forth are adopted.
4.3.3 Results for Basic Audio Quality
A s aforesaid, the main goal o f  this experiment was to quantify the contributions o f  timbral fidelity, 
frontal spatial fidelity and surround spatial fidelity to the basic audio quality o f  low  bit rate 
surround sound codecs. Therefore it is relevant to present the basic audio quality ratings (actual 
BA Q ) before discussing the contribution o f  the fidelity attributes to the BAQ.
The results for basic audio quality showed that codec F was perceived as the one with the highest 
degradation in terms o f  BAQ , w hilst codecs A , C and D, as shown in Figure 4-4, are the ones that 
gave rise to the sm allest degradation o f  the BAQ. Another observation that can be drawn from 
these results is that the stimuli used in the experiment spanned the w hole range o f  the ITU-R  
scale. The sam e observation can be made for the fidelity attributes as the stimuli em ployed in this 
study spanned the scale used for timbral fidelity, frontal spatial fidelity and surround spatial 
fidelity (see Appendix D).
107
Chapter 4: Unravelling The Relationship between Basic Audio Quality and Fidelity Attributes in
Low Bit Rate Multichaunel Audio Codecs
Basic Audio Quality by Audio Process
CodecA CodecC CodecE CodecG Coded SA
Process 
E rror Bare show 95.0% Gl o f Mean
Figure 4-4 M eans and associated 95% confidence intervals o f  the results for basic audio quality 
by audio process (scores averaged across programme material)
4.3.4 Multivariate Analysis of Variance
Follow ing the results for basic audio quality, a multivariate analysis o f  variance (M A NO VA ) was 
performed in order to check how  the different experimental factors affected the results obtained in 
this experiment. The rationale for choosing M A N O V A  was that the data set o f  the experiment 
consisted o f  four dependent variables (attributes) which were basic audio quality, timbral fidelity,
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frontal spatial fidelity and surround spatial fidelity. The three main experimental factors were
analyzed in this M A N O V A  m odel (programme material, audio processes and listeners). Several
statistical tests can be used in the M A N O V A  analysis. The Pillai-Bartlett trace was chosen for
this experiment due to the fact that this test is indicated by Field (2005) as being the most robust
to data sets in w hich the sample sizes are equal and the number o f  observations is reasonably
high. This was the case o f  the data set o f  this experiment,
The results o f  the M A N O V A  tests are presented in Table 4-3. It can be noticed that the three 
fixed factors were statistically significant as all coefficients in the significance colum n are lower 
than 0.001. The colum n partial i f  describes the magnitude o f  each observed fixed factors in the 
BAQ. According to these results, it can be inferred that the audio processes gave rise to the 
highest magnitude o f  changes in the scores obtained { i f  =  0.721). These results w ere expected  
since -  as aforesaid -  the audio processes chosen for the experiment gave rise to BAQ ratings 
that spanned the w hole range o f  the ITU-R scale. Moreover, the i f  values found for programme 
material (0 .705) shofy a considerable influence o f  this factor too. These results are also not 
surprising since, as aforementioned, audio codecs do not perform uniformly with all audio 
materials.
A s audio processes had a considerable influence on the results obtained in this experiment, 
Figure 4-5 show s the variations in the audio processes with respect to the BAQ  ratings. The first 
observation that can be made from Figure 4-5 is that the three recordings used in the experiment 
(Porcupine, Eagles and David Koz) gave rise to different BAQ ratings for certain codecs. It can 
also be noticed that the Eagles recording was the programme material with the low est scores in 
six o f  the ten audio processes, w hich suggests that this was the most critical recording used in the 
experiment in terms o f  affecting the perceived BAQ.
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The M A N O V A  analysis was carried out in order to explore how the different experimental 
factors affected the scores obtained for the attributes assessed in this experiment.
/
/
The M A N O V A  analysis, however, does not provide any information concerning the contribution
I
o f  timbral fidelity, frontal spatial fidelity and surround spatial fidelity to the BAQ  ratings. This is 
going to be addressed in the next sections
Effect S ign ificance Partial
r f
Programme .0001 0.705
material
Audio .0001 0.721
processes
Listeners .0001 0.540
Table 4-3 Results o f  the M A N O V A  tests for BAQ
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Estimated Marginal Means of BAQ
Process
 Ref
 CodecA
Codec B
m ou — Codec C
£  CodecD
± ------  Codec E
 Codec F
c  60 “ | Codec G
a) -------Codec H
™ -------Codec I
 Codec J
EBU
re  -3 c
§A «l 
LU
100 -
80-
I I---------------------------1-----
Porcupine Eagles David Koz
Programme Material
Figure 4-5 Mean values o f  B A Q  scores averaged across listeners and test repeats show ing the 
variations in the scores assigned to the three programme material used in the experiment
4.3.5 Correlation Analysis
A correlation analysis was performed as a first step to explore the relationship between basic 
audio quality and the fidelity attributes used in the experim ent (see Table 4-4). The scores 
obtained in the listening tests were averaged prior to the analysis. Sim ilarly to a previous 
experim ent with fidelity attributes that was conducted by Zielinski et al (2005), basic audio 
quality scores were most correlated with timbral fidelity scores (R = 0.982). H ow ever, high
111
Chapter 4: Unravelling The Relationship between Basic Audio Quality and Fidelity Attributes in
Low Bit Rate Multichannel Audio Codecs
correlation coefficients were found for the other attributes as well. The ratings for frontal spatial 
fidelity, for instance, are strongly correlated to the ones obtained for surround spatial fidelity (R = 
0.950). This can be explained by the fact that the typical distortions found in surround sound 
codecs are not perceptually orthogonal (independent). Hence, a high frequency loss, for instance, 
can affect not only timbral fidelity but also frontal and surround spatial fidelity. Likewise, a 
change in the width o f  the spatial im age can affect both frontal and surround spatial fidelities. 
Zielinski et al (2005), although using different audio processes from the ones used in this 
experiment, provided a similar explanation for the high correlation loadings found in then- study. 
They state that a low-pass filtering causes not only timbral distortion but also spatial distortions 
and down-m ix algorithms can produce not only spatial changes but also timbral ones. In the 
specific case o f  low  bit rate surround sound codecs, several coding artefacts are affected at the 
same time. A  single audio process, for instance, may give rise simultaneously to artefacts related 
to lack o f  high frequencies and narrowing o f  original spatial image. Hence, the high correlation 
coefficients found for all the attributes used in this study.
A s previously stated, the correlation analysis can provide a first indication about the relationship 
between the attributes used in the experiment. However, the correlation matrix does not contain 
any information concerning contribution o f  the fidelity attributes to the basic audio quality scores. 
Hence, a regression analysis was performed and it is described in the next section.
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Basic Audio 
Quality
Timbral
Fidelity
Frontal
Spatial
Fidelity
Surround
Spatial
Fidelity
B asic Audio 
Quality
1 0.982 0.937 0.950
Timbral
Fidelity
0.982 1 0.921 0.944
Frontal
Spatial
Fidelity
0.937 0.921 1 0.950
Surround
Spatial
Fidelity
0.950 0.944 0.950 1
Table 4-4 Correlation analysis o f  data obtained in the experiment 
4.3.6 Regression Analysis
A  multiple linear regression (M LS) w as performed in order to quantify the contribution o f  timbral 
fidelity, frontal spatial fidelity and surround spatial fidelity to the basic audio quality o f  low  bit- 
rate surround sound codecs. A  multiple linear regression model was established in order to 
predict the BAQ scores as a function o f  timbral fidelity, frontal spatial fidelity and surround 
spatial fidelity. The regression coefficients allowed for an estimate o f  the effect o f  each o f  the 
aforementioned fidelity attributes on the BAQ  ratings obtained in the experiment.
The regression model summary (Table 4-5) presents a value o f  0.986 for R which denotes a high 
correlation between the actual B A Q  ratings and the predicted BAQ  scores. The R2 coefficient o f  
0.971 indicates that the m odel can be capable o f  predicting approximately 97% o f  variance o f  the 
B A Q  scores, which demonstrates a high goodness o f  fit.
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0.986 0.971
Predictors: Timbral Fidelity, Frontal Spatial 
Fidelity and Surround Spatial Fidelity.
Table 4-5 The multiple linear regression model summary o f  the experiment
Concerning the standardized regression coefficients (Table 4-6), the follow ing regression 
equation was found:
BAQ =  0.74 tim bral f id e lity  + 0 . 1 6  fro n ta l spa tia l f id e lity
+  0.10 surround spa tia l f id e lity  (4-2)
Timbral fidelity was found as the attribute that m ost contributed to the BAQ scores obtained in 
the experiment. The significance values found for frontal spatial fidelity and surround spatial 
fidelity were greater than 0.05 w hich indicates that both spatial attributes were not statistically 
significant and therefore these attributes should be considered with caution in the developed  
model.
Given that the correlation coefficients between the scores obtained for the above attributes were 
high (see Table 4-4), it was decided to run a variance inflation factor (VIF) assessm ent oil the 
data. The VIF value, w hich is shown in Table 4-6, is used to verify i f  there is multicollinearity in 
the data. M ulticollinearity occurs when there is a strong correlation between two or more 
predictors in a given regression model. The predictors here are the fidelity attributes.
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M ulticollinearity can make it difficult to assess the importance o f  a predictor and therefore be
responsible for unreliable regression equations. Table 4-6 denotes that the largest variance
inflation factor (VIF) value found was greater than 10, w hich indicates a multicollinearity
problem (Field 2005). According to Esbensen (2002), when multicollinearity introduces a
potential bias to the model, partial least square regression (PLS-R) should be used rather multiple
linear regression (MLR).
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Standardized
Coefficients
Significance
Level
Variance
Inflation
Factor
Timbral
Fidelity
0.743 0.001 9.7
Frontal
Spatial
Fidelity
0.159 0.101 10.8
Surround
Spatial
Fidelity
0.098 0.381 15.01
Dependent Variable: B asic A udio Quality
Table 4-6 The multiple linear regression model coefficients
A partial least square regression (PLS-R) was then carried out in order to unravel the relationship 
betw een basic audio quality and the fidelity attributes. The first decision that has to be made 
when performing PLS-R is to determine the optimum number o f  principal components (PCs) to 
be included in the model. A  full PLS-R m odel w ould include three principal components. 
However, an analysis w as carried out in order to find the optimum number o f  PCs. According to 
the obtained results, the m odel based on the first principal component (PC I) accounted for 96%
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o f  the variance. The second principal component (PC2) explained only 1% o f  the data, which
indicates that the performance o f  the m odel does not improve substantially when PC2 is included.
H ence, the optimum number o f  principal components to be included in the PLS-R model was
one. This decision was also based on the suggestion made by Esbensen (2002) who states that
simpler regression models tend to present more generalisable results.
Figure 4-6 show s the correlation loadings plot o f  the PLS-R model. The correlation loadings do 
not quantify the contribution o f  any o f  the fidelity attributes to the BAQ obtained scores. 
However, the correlation loading plots can be useful for exploring the interrelationships between  
the attributes assessed in this study. Figure 4-6 shows these interrelationships based on the X  and 
the Y  variables. The X  variable corresponds to the three fidelity attributes assessed in this study 
(timbral fidelity, frontal spatial fidelity and surround spatial fidelity) whereas the Y  variable is the 
basic audio quality. Concerning the X  variables, it can be noticed that frontal spatial fidelity and 
surround spatial fidelity are correlated, since they are grouped closed to each other. Another 
important observation that can be made based on the correlation loading plots is that -  as 
expected -  basic audio quality is more correlated with timbral fidelity than w ith the frontal or 
surround spatial fidelity. It can also be noticed that all the attributes load quite strongly onto PCI, 
w hich suggests a strong relationship between them. A s aforementioned, the correlation loading 
plots -  although presenting relevant information regarding the interrelationships between the 
attributes assessed -  do not contain any indication about the contribution o f  the fidelity attributes 
to the BAQ  scores obtained. H ence, a regression equation was derived and discussed in the next 
paragraph.
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Figure 4-6 Correlation loadings plot obtained from the PLS regression (PCI and PC2 explain  
96% and 1% o f  B A Q  variance, respectively)
A regression equation was derived from the PLS-R aualysis. Standardized regression coefficients 
were used for consistency with the MLR equation. The regression equation obtained from the 
PLS-R was the following:
BAQ  =  0.72 tim bral f id e lity  +  0.18 surround spa tia l f id e lity
+  0.10 fro n ta l spa tia l fid e lity  (4-3)
Timbral fidelity was the attribute that contributed the most to the BAQ  scores follow ed by 
surround spatial fidelity. Frontal spatial fidelity was found to be statistically non-significant. In a
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comparison with the M LR m odel it can be noticed that timbral fidelity w as again the most 
important attribute in terms o f  contribution to the BAQ  scores. A lso, surround spatial fidelity is 
statistically significant in the PLS-R model.
Regression Coefficients (BW)
Statistically significant 
■  Stadstically non”.significant
Figure 4-7 Standardized regression coefficients from the PLS-R model with associated Martens’
uncertainty limits
The root mean square error o f  prediction (RM SEP) o f  this model is approximately equal to 4 
points in a 100 point scale. This suggests that the developed model is reasonably reliable. 
Figure 4-8 show s the scatter plot o f  the predicted B A Q  scores as a function o f  the actual BAQ  
scores. The correlation between them w as equal to R=0.97. This also indicates that the PLS-R  
m odel has a high goodness o f  fit.
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Actual BAQ scores
Figure 4-8 Scatter plot o f  the predicted BAQ  scores as a function o f  the actual BAQ  scores 
obtained using the PLS-R m odel (diagonal shows the y= x  line)
The reliability o f  the PLS-R m odel was tested by means o f  a cross-validation procedure using the 
M artens’ uncertainty test. B esides the regression coefficients, Figure 4-7 shows the uncertainty 
limits o f  the m odel obtained in the Martens’ test for each o f  the variables included in the model. It 
can be noticed that the size o f  the uncertainty intervals is relatively sm all when compared to the 
regression coefficients. This suggests that this model is reliable.
The purpose o f  the regression analysis described above was to quantify the contributions o f  
timbral fidelity, frontal spatial fidelity and surround spatial fidelity to the basic audio quality o f
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1low  bit rate multichannel audio codecs. A  multiple linear regression (MLR) was the first method
performed in order to tackle the aforementioned task. The MLR model showed that timbral
fidelity was the attribute that contributed the m ost to the BAQ  ratings obtained in the experiment.
H ow ever, a high correlation was found between the fidelity attributes assessed. It w as then
verified that the M LR m odel w as affected by multicollinearity. A s multicollinearity can introduce
bias to the model, the results from the M LR m odel were to be regarded with caution. A  partial
least square regression (PLS-R) was then performed in order to unravel the relationship between
BAQ  and the aforementioned fidelity attributes. PLS-R was chosen due to its appropriateness for
cases in w hich multicollinearity occurs. It was found that the PLS-R m odel proposed here is
capable o f  predicting approximately 97% o f  the basic audio quality ratings based on the
contributions o f  timbral fidelity, frontal spatial fidelity and surround spatial fidelity ratings. The
regression equation derived from the PLS-R (4-3) revealed that timbral fidelity contributed the
m ost to the basic audio quality ratings o f  the experiment follow ed by surround spatial fidelity.
Frontal spatial fidelity was found to be statistically non-significant.
4.4 Discussion
In the study reported in this chapter, basic audio quality was found to be most dependent upon 
timbral fidelity. This outcome was already expected since similar results were found in other 
studies with degraded multichannel audio system s such as the ones undertaken by Zielinski et al
(2003) and R um sey et al (2005). However, these authors used straightforward band-limiting or 
down-m ixing algorithms in their studies rather than low  bit rate surround sound codecs, so it is 
interesting to note a similar result in the case o f  more com plex audio processing artefacts.
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Although the number o f  programme items used in the experiment conforms to the ITU-R
B S . l534 requirements, it can be inferred that i f  more recordings had been used in the study, the
results obtained w ould allow for more generalisable results (ITU-R B S .l534 2001). Further, the
recordings chosen for this experiment were selected based on stringent criteria (see Section
4.2.2). H ow ever, it is known that codecs do not perform uniformly with all audio materials
(Soulodre et al. 1998). H ence, further experimentation including other types o f  recordings would
be required to allow for more accurate conclusions concerning the results obtained in this study.
Two different regression m odelling techniques were employed in this experiment. Firstly, a 
multiple linear regression (MLR) m odel was derived. D ue to the fact that the M LR m odel was 
affected by multicollinearity, the results o f  this m odel were rejected. A  partial least square 
regression (PLS-R) was then performed. A s previously stated, PLS-R was chosen due to the fact 
that this technique is generally effective in terms o f  handling multicollinearity (Adnan et 
al. 2006). In both m odels developed in this chapter (M LR and PLS-R) the changes in basic audio 
quality were more dependent on timbral fidelity. This suggests that the results obtained here are 
consistent regardless o f  the regression technique employed.
Frontal spatial fidelity was considered statistically non-significant in the PLS-R model. The 
results obtained for BAQ (see Section 4.3 .3) suggests that the spatially impaired anchor was 
perceived by the listeners as this stimulus was graded in the middle o f  the B A Q  scale. A lso, the 
scores obtained for frontal spatial fidelity (see Appendix D ) spanned the scale used for that 
attribute. H ence, although no firm conclusions can be drawn concerning the reasons for the PLS- 
R coefficients found for frontal spatial fidelity, it can be suggested that the codecs used in this 
experiment caused relatively little changes in this respect.
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A s aforementioned, the BAQ ratings o f  this experiment were more dependent on timbral changes.
However, it is still necessary to find out exactly what sort o f  timbral fidelity impairments are
taking place in the low  bit rate multichannel audio codecs used in this study. In one o f  the most
recent tests on multichannel audio codecs (M ason et al 2007), for instance, a codec impairment
table containing the description o f  nine different types o f  typical artefacts was given to the
subjects as a guide for the listening tests. This table is derived from documents such as the MPEG
N o. 685 from 1994 and it is the same table that was used in the EBU  tests w ith multichannel
audio codecs in 1998 (EBU  1998b). However, a number o f  multichannel coding techniques have
been implemented since the aforementioned documents were published (see Section 1.3). Thus,
in order to perform a more thorough codec evaluation, it is important to identify other perceptual
effects from multichannel codec processes. M oreover, despite the relative low  importance given
to the spatial attributes in this study, it can be inferred that a further evaluation on the perceptual
importance o f  spatial effects o f  surround sound codecs is needed. This assumption is based on the
fact that, according to results o f  studies such as the one reported by Rum sey et al (2005b), spatial
features can be responsible for as m uch as a third o f  the overall sound quality o f  audio systems.
Additionally, as the codec distortions are not perceptually orthogonal (independent), further
experimentation is necessary to isolate the impairments that are typical to low  bit rate
multichannel audio codecs.
4.5 Summary
This chapter described an experiment that was conducted in order to quantify the contributions o f  
the fidelity attributes (timbral fidelity, frontal spatial fidelity, and surround spatial fidelity) to the 
BAQ  in the context o f  low  bit rate multichannel audio codecs.
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The approach taken here can be considered novel since -  unlike the majority o f  the tests that have
been performed in multichannel audio codecs -  this study was not limited to the basic audio
quality attribute.
The results obtained for the predicted basic audio quality revealed that the attribute that most 
contributed to the overall basic audio quality o f  the surround sound codecs used in this study was 
timbral fidelity, follow ed by surround spatial fidelity. Frontal spatial fidelity was considered 
statistically non-significant. The correlation between the predicted and the actual basic audio 
quality scores presented a coefficient in the order o f  0.97 with an average error o f  prediction o f  
approximately 4%, w hich demonstrates the accuracy o f  the model proposed in this chapter 
concerning its prediction capabilities. This answers the first research question stated at the 
beginning o f  this chapter.
Strong correlation levels were found between the scores obtained for all attributes examined in 
this study. One possible explanation for this is that the typical distortions introduced by low  bit 
rate multichannel audio codecs are not perceptually orthogonal (independent). Several coding  
artefacts are affected at the same time, such as a tandem coding noise and ‘birdies’.
The basic audio quality scores in this study were more dependent on timbral fidelity than on the 
spatial attributes. This answers the second research question that was posed in Section 4.1 o f  this 
chapter.
Based on the results o f  this experiment, it can be concluded that codec manufacturers, in a 
hypothetical trade-off situation, could sacrifice the spatial fidelity o f  the codecs rather than 
comprom ising the timbral fidelity o f  the low  bit rate surround sound coding system s. This would 
probably be beneficial in terms o f  improving the overall BAQ o f  the codecs.
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The study reported in this chapter, although significant in terms o f  results, did not reveal what 
aspects o f  timbral and spatial fidelity contributed to the BAQ scores. Further investigation in 
w hich the subjects could isolate specific timbral and spatial features o f  surround sound codecs 
was therefore considered necessary in order produce more detailed conclusions regarding the 
perceptual effects introduced by low  bit rate multichannel audio codecs.
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5 Uncovering the Multidimensional Perceptual Space of Low 
Bit Rate Multichannel Audio Codecs
5.1 Introduction
Chapter 4  described an experiment that was conducted to quantify the contribution o f  timbral 
fidelity, frontal spatial fidelity and surround spatial fidelity to the basic audio quality in the 
context o f  low  bit rate surround sound codecs. The results obtained from that experiment showed  
a high correlation between the fidelity attributes assessed. A  possible explanation for this was that 
the typical distortions caused by low  bit rate surround sound codecs are not perceptually 
orthogonal (independent). Thus, a codec can be affected at the same time by known artefacts such  
as ‘birdies’ or pre-echo (see Chapter 1). I f  this is a general trend across all the stimuli in the 
experiment, it can be difficult to separate these factors in analysis. The results o f  the experiment 
reported in Chapter 4 also revealed that timbral fidelity changes contributed the most to the BAQ  
scores obtained in that experiment. However, the outcom es o f  the study reported in Chapter 4 did 
not provide any information concerning the specific aspects o f  timbral and spatial fidelity that 
contributed to the BAQ  scores found in that experiment. A lso, as delineated in Section 1.11, there 
is not a proper vocabulary to describe the artefacts typical to surround sound codecs in perceptual 
sense. Hence, the-need was found for a study aiming to uncover perceptually salient dimensions 
describing the perceptual effects introduced by low  bit rate multi-channel audio coding systems.
The studies reported in Chapters 3 and 4 o f  this thesis w ere based on the assumption that the 
experimenter knew what the listener should grade and therefore ‘provided attributes’ were 
employed. T he participants w ere  ask ed  to  a n a ly ze  the attributes p rov id ed  by the
Chapter 5: Uncovering the Multidimensional Perceptual Space of Low Bit Rate Multichannel Audio
Codecs
125
Chapter 5: Uncovering the Multidimensional Perceptual Space of Low Bit Rate Multichannel Audio
Codecs
experim enter. However, the approach taken in this chapter, as the one that is described in 
Chapter 6, is more exploratory and allows a better understanding o f  the listener’s response. N o  
prior assumptions are made, therefore, about what the listener can or should consider important, 
which allows for a d iscoveiy  o f  the underlying structure o f  the percepts involved.
The main goal o f  the study described in this chapter was to determine the perceptually salient 
dim ensions that describe the perceived artefacts o f  low  bit rate surround sound codecs. This is the 
third objective listed in Section 0.2 o f  this thesis.
M ultidimensional Scaling (M D S) was selected as the method to perform this study. M DS was 
chosen due to its appropriateness for experiments aiming to disclose the perceptually salient 
dim ensions o f  a group o f  stim uli (Neher 2004). M DS is a classified as a non-verbal scaling  
technique in w hich mathematical based similarity ratings rather than verbal descriptors are 
analyzed. Non-verbal scaling techniques are statistically based approaches that enable the 
unraveling o f  perceptually salient dim ensions describing the multidimensional structure o f  a 
group o f  stimuli. The choice o f  M DS for this study was also based on the outcom es o f  the 
experiment reported in Chapter 4 that revealed that the typical distortions introduced by low  bit 
rate surround sound codecs are not perceptually orthogonal (independent). It was then assumed 
that it w ould be a good approach to use a technique that could analyze the similarities and 
differences between the aforementioned distortions and identify the independent perceptually 
salient dim ensions that describe them. A lso , M DS was successfully used by other researchers in 
experiments that aimed to uncover perceptually salient dimensions from audio stimuli. Neher et al 
(2006), for instance, used M DS in order to determine whether their multichannel audio stimuli 
varied only in one dimension. M oreover, Etame et al (2008) employed the M DS method in an 
experiment trying to uncover perceptually salient dimensions characterizing the perceptual space 
o f  two-channel speech codecs. Another technique that could have been em ployed in this study
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was Cluster A nalysis (CA). CA, like M D S, is a non-verbal scaling method that is used to classify  
a group o f  stimuli into a number o f  meaningful subgroups (or clusters) based on judgments o f  
similarities among the stimuli. One o f  the major drawbacks o f  CA, however, is that there is no 
sim ple way o f  determining the actual number o f  clusters found. Berg and Rum sey (2000), for 
instance, state that “cluster analysis is an iterative process in which the experimenter’s conception  
o f  the process which generated the data is important”. Therefore, in CA the experimenter needs to 
play a major role in the decision o f  determining the number o f  perceptually salient dimensions 
(clusters in the specific case o f  CA) o f  a model. This can increase the risk o f  the so-called  
experimenter bias. A lso, there are more w idely accepted mathematical criteria for determining the 
appropriate dimensionality o f  M DS solutions than there are with CA. Based on the above 
discussion, M D S was found to be the m ost appropriate technique for this study.
M ultidimensional scaling also known as ‘perceptual mapping’ normally consists o f  a dissimilarity 
test. In this dissimilarity test, each stimulus in a given group is compared with other stimuli o f  the 
same group and the assessors are asked to judge the similarities o f  pairs o f  stimuli. The results o f  
these judgments are then translated into a matrix o f  perceptual distances from w hich the 
researcher can determine the number o f  perceptually salient dimensions and map the stimuli in a 
perceptual space.
A multidimensional scaling study was carried out in order to determine the number o f  
perceptually salient dim ensions that can be found in comparisons between the low  bit rate 
surround sound codecs used in this study. These perceptually salient dim ensions are the ones that 
underlie the stimuli used in this experiment. This study also aimed to label these dim ensions and 
quantify their overall importance.
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The experiment reported in this chapter intended to address the follow ing research questions:
1. H ow  many perceptually salient dim ensions can be identified in comparisons between the low  
bit rate surround sound codecs used in this study?
2. What is the overall importance o f  each o f  the perceptually salient dim ensions identified in this 
study?
3. What might be appropriate labels for these perceptually salient dimensions?
5.2 Experimental Design
5.2.1 General Methodology
A listening experiment was conducted with the follow ing objectives: i) to identify the 
perceptually salient dim ensions describing the degradations introduced by low  bit rate 
multichannel audio codecs; ii) to label the uncovered dimensions, and iii) to determine the overall 
importance o f  the identified dimensions. The test consisted o f  two parts. The first part was the 
dissimilarity test. In this part a listening test was conducted in which the subjects were asked to 
judge the dissim ilarities o f  pairs o f  stimuli. The data o f  this test was analyzed using Individual 
D ifferences Scaling (IND SCA L) in order to determine the number o f  dimensions that describe 
the perceived artefacts o f  the low  bit rate multichannel audio codecs used in this study. A lso, the 
stimuli used in the test were mapped in a perceptual space representing the identified dimensions 
and the overall importance o f  each uncovered dim ension was quantified. The second part o f  the 
test consisted o f  a free verbalization task that aimed to label the uncovered dimensions. The
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subjects w ere asked to describe verbally the perceptual differences found in the pairs o f  stimuli 
that were identified as being: i) the extremes o f  each perceptually salient dim ension, and ii) the 
ones that varied predominantly in one o f  the uncovered dimensions. The terms described by the 
subjects and their occurrences were grouped allowing for the labeling o f  the dim ensions 
identified.
5.2.2 Selection of Programme Material
One recording with its different processed versions w as used in this experiment. The reason for 
choosing one programme item was based on the fact that the subjects were asked to make two 
hundred paired comparisons (see Section 5.3) in the dissimilarity test. This large number o f  
paired comparisons was due to the fact that twenty codecs (see Section 5.2.3) w ere used in the 
experiment. Thus, due to time constraints, only one recording with its different processed  
versions could be used in this study. It can be inferred that for the same reasons, the approach o f  
using only one programme item is typical in M D S based studies. This was, for instance, the 
approach taken in the studies conducted by Matilla (2002), Neher et al (2006), and Martens and 
Zacharov (2000). Although this is a comm on procedure in M DS based experiments, it can be 
assumed that -  as codecs do not perform uniformly with all audio materials -  when more 
recordings are used in the experiment the results becom e more generalisable. The recording 
chosen for this experiment (see Table 5-1) was the one considered as being the m ost critical in the 
experiment reported in Chapter 4. Follow ing the analysis described in Section 4 .3 .4 , the Eagles 
recording w as considered the most critical recording in terms o f  affecting the overall basic audio 
quality o f  the codecs used in that experiment.
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Additionally, due to the fact that the task on hand was to uncover perceptually salient dimensions 
o f  the artefacts found in low  bit-rate surround sound codecs, the spatial m ode chosen for the 
recording was the so-called F-F (prominent foreground information in both front and rear 
channels) since this spatial scene is suitable for the assessment o f  both frontal and surround 
channels (Zielinski e t a l 2003).
Genre Duration Artist/
Title
Spatial
Mode
Description
Pop
M usic
9s E agles/
Seven
Bridges
Road
F-F F ive singers (voices), each one in 
a different channel with applause 
content surrounding the listener.
Table 5-1 Programme material used in the M DS experiment
5.2.3 Audio processes (objects)
A s in the study reported in Chapter 4, only multichannel audio codecs w ith data rates below  
256 kbit/s (5.1 channel m ode) w ere em ployed. The reason for choosing these data rates were 
already mentioned in Sections 0.2 and 4.2.3. The typical codec artefacts needed to be clearly 
audible in order to allow the listeners to identify and assess their influence in the stimuli used in 
the study.
According to Hair e t a l (2006), the number o f  objects to be evaluated in an M D S experiment 
should be more than four tim es the number o f  dimensions to be analyzed. A s in this study the 
number o f  dimensions was not known, it was decided to use twenty objects (audio codecs in the
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experiment reported in this chapter) allowing for a possibility o f  identifying at least five 
perceptually salient dimensions. Table 5-2 show s the audio processes used in this study.
5.2.4 Acoustical Conditions and Equipment
The acoustical conditions and equipment were the same as those for the experiment reported in 
Chapters 4 (See Section 4.2.4).
5.3 Dissimilarity test
A s already mentioned, M DS requires each stimulus in a given group to be compared with other 
stimuli o f  the same group. This approach -  also known as a dissimilarity test -  makes possible 
the creation o f  the matrix o f  distances mentioned above. In this study there were twenty objects 
(audio processes) to be evaluated in a paired comparison schem e. In addition, five null pairs 
(com parisons between the sam e stimuli) and five repeated trials were included in order to assess 
subject’s reliability and consistency. Therefore each assessor made a total o f  two hundred trial 
comparisons. Sixteen experienced subjects among final year Tonmeister students and PhD  
researchers o f  the Institute o f  Sound Recording, University o f  Surrey took part in the test. 
Similarly to the other experiments reported in this thesis, it was decided to use a relatively small 
panel o f  highly skilled expert listeners due to the fact that the study reported in this chapter 
required critical listening skills. This procedure was also adopted by other audio researchers in 
M D S based experiments such as the ones conducted by Etame e t a l (2008) and N eher e t a l (2006). 
N eher e t a l (2006) state that the participants recruited for audio M DS based studies ideally should  
be used to listen critically, either for their work, or as part o f  their education or training. The 
grading scale (see Figure 5-1) o f  the dissimilarity test was a continuous scale with no
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intermediate labels or tick points and ranged from “most similar” to “m ost different”. The 
instructions that were given to the listeners in the dissim ilarity test can be found in Appendix E.
Nr. Code Process
1 R ef N o processing
2 M PSA A C 128 MPEG 1 Layer III w ith MPEG Surround + Advanced Audio  
Coding at 128 kbit/s
3 M PS96 MPEG 1 Layer III w ith MPEG Surround at 96 kbit/s
4 M PS64 MPEG 1 Layer III w ith MPEG Surround at 64 kbit/s
5 D TS256 D igital Theatre System  at 256 kbit/s
6 DTS 192 Digital Theatre System at 192 kbit/s
7 KLT Karhunen-Loeve Transform based encoder (Jiao et a l  2007) with 
Advanced A udio Coding Plus at 64 kbit/s
8 AC3 D olby D igital AC-3 at 224 kbit/s
9 AAC plus96 MPEG 4 High E fficiency - Advanced Audio Coding Plus 
(AACplus) at 96 kbit/s
10 AACplus80 M PEG 4 High E fficiency - Advanced Audio Coding Plus 
(AACplus) at 80 kbit/s
11 A ACplus64 M PEG 4 High E fficiency - Advanced A udio Coding Plus 
(AACplus) at 64 kbit/s
12 A A C 128 MPEG 4 H igh E fficiency - Advanced Audio Coding Plus 
(AACplus) at 128 kbit/s
13 AAC 64 MPEG 4 High E fficiency - Advanced Audio Coding Plus 
(AACplus) at 64 lcbit/s
14 W M A 256 W indows M edia Audio 9.1 at 256 kbit/s
15 W M A 192 W indows M edia Audio 9.1 at 192 kbit/s
16 W M A 128 W indows M edia Audio 9.1 at 128 kbit/s
17 A udX192 A ud-X  at 192 kbit/s
18 AudX80 A ud-X  at 80 kbit/s
19 AudXcasc A ud-X  at 80 kbit/s re-encoded with D olby Digital AC-3 at 128 
kbit/s
20 M PEGcasc MPEG 1 Layer III with MPEG Surround re-encoded (5 stages) at 
64 kbit/s
Table 5-2 Audio processes (objects) used in the M DS experiment. A ll codec bit rates listed were
used in 5.1 channel operation mode
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TRIAL: 1 /200
H ow s im ila r  a re  th e se  tw o  sounds?
Now Playing: OFF / V
Stop I
.^....................... J
Most Similar Most D ifferent
Save & |
Next»  J
Figure 5-1 Interface used in the dissimilarity test
5.3.1 Results of the Dissimilarity Test
As aforementioned, the assessm ents o f  subjects’ consistency and reliability were carried out 
based on repeated trials and null pairs respectively. However, it was not necessary to screen any 
participant due to inconsistencies or unreliabilities. Hence, it was decided to keep the data from 
all assessors.
In order to determine the number o f  perceptually salient dim ensions for the study, the data 
obtained from the dissimilarity test was submitted to Individual D ifferences Scaling (INDSCAL) 
analysis. This method was chosen because it takes into account the individual differences o f  the
133
judgem ents made by the assessors and it is known as being the most suitable for determining the 
number o f  perceptually salient dim ensions o f  an M D S based experiment (Hair et al. 2006). 
IN DSC AL analysis, like the so-called classical M DS (C M DS) analysis, converts the obtained 
data into a matrix o f  perceptual distances. INDSCAL, however, differs from CM DS in the sense 
that INDSCAL takes into account the differences in the judgm ents made by individual subjects. 
More specifically, INDSCAL m odels both inter-subject agreement and disagreement, and 
separates the factors that are com m on to a group o f  subjects from those in w hich the subjects 
diverge. According to Martens and Zacharov (2000), IN DSC AL analysis provides a quantitative 
characterization o f  the individual differences that exist within a panel. These differences are 
computed as subjects’ w eights that are placed upon each o f  the INDSCAL dimensions.
To assess the dim ensionality o f  an M DS m odel it is necessary to consider parameters such as s- 
stress and squared correlation index (RSQ). S-stress measures the ‘goodness o f  fit’ o f  the M DS  
m odel and ranges from 0 (perfect fit) to 1 (worst possible). RSQ refers to the proportion o f  the 
explained variance o f  the M D S m odel, with R2 greater or equal to 60 being considered acceptable 
fit (Hafr e t al. 2006).
A  scree plot representing the s-stress levels for up to five possible dim ensions is shown in Figure 
5-2. The normal procedure for determining the number o f  perceptually salient dim ensions o f  an 
M D S solution is to find a knee in the curve. A s shown in Figure 5-2 the point o f  inflection  
indicates that the number o f  perceptually salient dim ensions for this m odel is two.
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Scree Plot derived from MDS analysis
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Figure 5-2 Scree plot derived from M DS analysis showing s-stress levels for up to five
dim ensions
The overall explained variances for different dim ensionality solutions are shown in Table 5-3. 
The variances for all dim ensionalities present an acceptable fit as the minimum value found for 
R2 is 0.65. According to Martens and Zacharov (2000), although the maximisation o f  RSQ values 
for a given solution can be a good approach, it is necessary to limit the number o f  dimensions 
when the increase in the overall explained variance per dimension is less than approximately
0.05. They support their argument by stating that “dim ensions with a low contribution to the 
explained variance can be tricky to explain and may be associated with noisy data” (Martens and 
Zacharov 2000, p 14).
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It can be seen in Table 5-3 that the RSQ values increase by 0.06 from dim ensionality 1 to 2 but 
only by 0.02 from dim ensionality 2 to 3. Therefore it can be inferred that a solution with two 
perceptually salient dim ensions is the most appropriate for this model. This answers the first 
research question stated at the beginning o f  this chapter.
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Dimensionality RSQ Increase o f  explained variance
1 0.65
2 0.71 0.06
3 0.73 0.02
4 0.74 0.01
5 0.75 0.01
Table 5-3 RSQ values showing increase o f  explained variance against dimensionality
5.4 Interpretation of the Dimensions
Apart from the unprocessed object (Ref, see Table 5-2), the names o f  the other objects (audio 
processes) are concealed from this point onwards. This approach was taken as the aim o f  this 
study was not to assess the performance o f  specific surround sound codecs. Hence, the names 
ob2, ob3 and so forth are adopted.
Figure 5-3 show s the scatter o f  the objects in the two dimensional space o f  the M DS model. It can 
be observed that som e objects lie close to each other in the two dimensional space. One cluster 
can be observed around the R ef object and another one can be seen around ob5 and ob6. This
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suggests that the objects that shave the same place in the two-dimensional space are likely to give  
rise to similar artefacts.
The overall importance o f  the two perceptually salient dim ensions o f  this m odel can be quantified 
by the proportion o f  the explained variance o f  each dimension. A s shown in Table 5-3 the RSQ  
values for the solution with two dim ensions was 0.71. This indicates the total variance explained 
for the two dimensional solution was 71%. D im ension 1 accounted for 54% o f  the total variance 
whereas D im ension 2 explained 17% o f  the total variance o f  the data obtained in the experiment. 
This provides an indication o f  the overall importance o f  each perceptually salient dimension  
identified. D im ension 1 (54% o f  the explained variance) is therefore more important than 
D im ension 2 (17% o f  the explained variance). It can be then assumed that the perceptual changes 
along Dim ension 1 are more pronounced than the ones along D im ension 2. This answers the 
second research question that was posed in Section 5.1.
The INDSCAL analysis, however, is not capable o f  labelling the perceptually salient dimensions 
revealed. H ence, another experiment was conducted in order to interpret the two dimensional 
solution o f  this M DS model. Seven PhD researchers o f  the Institute o f  Sound Recording, 
University o f  Surrey took part in the test. A  small panel o f  highly experienced listeners was 
recruited to label the identified dim ensions. The test consisted o f  a free verbalisation task in 
w hich the assessors were asked to compare pairs o f  stimuli and describe the differences between 
them. This free verbalisation approach w as chosen due to its appropriateness for the task o f  
labelling the perceptually salient dimensions identified, since words were needed in order to 
provide a better understanding o f  the identified dimensions. The combination o f  M DS for 
determining the number o f  perceptually salient dimensions and free verbalisation for naming 
these dim ensions has also been the preferred approach o f  other researchers such as Matilla (2002) 
and Etame et al (2008).
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The interface used in the free verbalisation test was similar to the one used in the dissimilarity 
test, however, in this test the sentence “Compare A and B” was posed (Figure 5-4). In this free 
verbalisation task, the assessors were asked to address the aforementioned sentence by writing on 
a sheet o f  paper as many terms as they thought it was necessary to describe the differences 
between the pairs o f  stimuli analyzed (see Appendix F). In order to optimize the labelling process 
and acquire a better understanding o f  the identified dim ensions, the objects (audio processes) 
used in this part o f  the study were only those that either were found as being at the extremes o f  
each dim ension or the ones that varied predominantly in one dimension. Therefore the following  
comparisons were made: R ef vs. o b i9 (extremes o f  Dim ension 1), o b i3 vs. o b i7 (extremes o f  
Dim ension2), ob8 vs. o b i9 (varied mainly in D im ension 1), and ob7 vs. ob8 (varied mainly in 
D im ension 2) were the ones em ployed in this part o f  the experiment.
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Figure 5-3 Two dimensional space with Dim ensions 1 and 2 o f  the M DS model (D im ension 1 
explains 54% o f  the variance o f  the data whereas D im ension 2 accounts for 17% o f  the variance
in the data)
TRIAL: 1/6
P lease co m p a re  A and  B
Now Playing: OFF
Stop j
Save & j 
Next»  J
Figure 5-4 Interface used in the interpretation o f  the dimensions test
5.4.1 Results of the Interpretation of Dimensions Test
The data from the verbalisation test was analysed using the follow ing procedure. Firstly, the 
elicited terms that were homonyms or synonym s were grouped. After that, the elicited terms with 
similar meanings were also grouped. The summarized terms were then counted which allowed
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for the interpretation and labelling o f  the dim ensions analyzed. This procedure was done 
separately for the two identified dimensions. This analysis was carried out by the experimenter. 
However, in order to m inim ize any possible experimenter bias, another PhD researcher o f  the 
Institute o f  Sound Recording, University o f  Surrey was invited to group the obtained terms. This 
independent researcher grouped the elicited terms in the same way the author did, w hich suggests 
that the analysis described here was not a source o f  experimental bias. More details o f  this 
analysis can be found in Appendix G.
Figure 5-5 presents the results for the comparisons made between the objects associated with 
D im ension 1. It can be noticed that m ost o f  the occurrences were related to timbral distortions 
such as Tack o f  high frequencies’, ‘coding n oise’ or ‘birdies’. This is an indication that 
D im ension 1 may be associated with timbral aspects o f  the audio processes used in this study.
The results for D im ension 2 (Figure 5-6) denote a predominance o f  occurrences o f  spatial terms 
such as ‘more enveloping’, ‘more spacious’ and ‘less frontally focused’ w hich leads to the 
hypothesis that this dim ension is likely to be related to the spatial characteristics o f  the objects 
em ployed in the test.
Based on the above discussion, D im ension 1 can tentatively be labelled as ‘timbral’ whereas 
Dim ension 2 may be interpreted as ‘spatial’, although there is clearly som e overlap between the 
domains. This answers the third research question posed in Section 5.1.
D ue to the fact that D im ension 1 (timbral) accounted for 54% o f  the total variance and Dim ension  
2 (spatial) explained 17% o f  the total variance o f  the data, it can be concluded that -  as in the 
experiment reported in Chapter 4 -  the timbral aspects o f  the codecs were perceived with more 
intensity than the spatial features o f  the low  bit rate surround sound codecs used in the study.
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Dimension 1
More Less More in Width Birdies Coding Lacks HF
Enveloping Spacious Head Increase Noise
Figure 5-5 Number o f  occurrences o f  the summarized terms described for Dim ension l
Figure 5-6 Number o f  occurrences o f  the summarized terms described for Dim ension 2
I4l
5.5 Discussion
A  solution with two perceptually salient dim ensions was found to be the m ost appropriate for this 
model. This contradicted the author’s expectation since it was assumed that more perceptually 
salient dim ensions would be uncovered in the experiment. A s described in Section 5.2.2, twenty 
audio processes were included in this study allowing for a possibility o f  identifying at least five 
dim ensions.
The outcom es o f  the experiment also show ed that the m ost important dim ension is associated  
with timbral aspects o f  the sound whereas the least significant dimension is related to spatial 
features o f  the objects used in this study. These results were expected and are fairly similar to the 
ones obtained in the previous studies performed within the scope o f  this research project. The 
study reported in Chapter 4, for instance, show ed that basic audio quality was more dependent 
upon timbral fidelity rather than on spatial fidelities. Moreover, the experiment w ith selected  
artefacts described in Chapter 3 revealed that artefacts related to timbral features o f  the stimuli 
influenced the basic audio quality o f  the perceptual audio codecs more than spatial distortions. 
Although it is worth noting that the overall importance o f  the dimensions uncovered in this study 
was quantified in terms o f  the proportion o f  the explained variance o f  each dim ension and not in 
terms o f  contribution to the BAQ  scores like the experiments reported in Chapters 3 and 4.
Only one recording with its different‘processed versions was used in this study. Although this is 
a comm on procedure in M DS based experiments it can be assumed that i f  more recordings had 
been used the results obtained here w ould be more generalisable.
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A s already discussed, som e o f  the elicited terms obtained in the verbalisation task described in 
Section 5.4.1 had to be grouped by the experimenter. This was done in order to allow for an 
interpretation o f  the two perceptually salient dimensions identified in this study. The fact that an 
independent researcher grouped the terms in the same w ay that the author did suggests that this 
process was not a source o f  experimental bias. A lso, the task o f  grouping terms is normally 
undertaken by the experimenter in M DS based studies. This is a comm on procedure and it was 
the approach taken by researchers such as Neher (2004) and Etame et al (2008), for instance.
The results o f  this experiment also showed that -  although only two perceptually salient 
dim ensions were identified in this M DS m odel -  tw elve different terms (see Figures 5-5 and 5-6) 
were used by the assessors w hen interpreting the dimensions. This suggests that som e strong 
perceptual characteristics o f  the codecs might have dominated or hidden weaker ones in the 
dissimilarity test. A lso , the experiment reported in Chapter 4 revealed that the distortions caused  
by low  bit rate multichannel audio codecs were probably not perceptually independent. Therefore 
a codec stimulus is likely to give rise to multiple perceived attributes, however only two 
perceptually salient dim ensions describing the perceived artefacts o f  low  bit rate surround sound 
codecs w ere identified here. This suggests that the construct masking phenomenon may have 
occurred in this experiment. This phenomenon was first reported in the audio domain by Berg 
(2006) and occurs when the stimuli have multiple attributes and one attribute is perceptually 
dominant over others. Berg provides the follow ing explanation concerning construct masking:
I f  one attribute is perceptually dominant over another, the less dominant attribute risks being  
masked and therefore undetected by the subjects.
Berg 2006, p 3
It is important to emphasize, however, that there is no direct evidence that the construct masking 
phenomenon affected this model. This is only a suggestion that was based on the above
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discussion. Further experimentation w ould be needed for more firm conclusions concerning this 
matter. A lso, given that only two perceptually salient dim ensions were uncovered in this study, it 
can be concluded that another experiment, potentially less affected by the possibility o f  construct 
masking, w ould be needed in order to provide a more detailed characterization o f  the perceptual 
effects introduced by low  bit rate spatial audio codecs.
5.6 Summary
An M D S based study was conducted in order to identify perceptually salient dimensions 
describing the distortions introduced by low  bit-rate surround sound codecs.
A solution with two perceptually salient dim ensions appeared to be the most appropriate for this 
M D S model. In addition, som e objects w ere found to be sharing the sam e space in the two 
dim ensional plane, indicating that these stimuli are likely to give rise to similar coding artefacts.
The results o f  the verbalisation test denoted that D im ension 1 was associated with timbral 
features o f  the stimuli whereas D im ension 2 might have been related to spatial aspects o f  the 
objects employed in this experiment.
D im ension 1 (timbral) accounted for 54% o f  the total variance whereas D im ension 2 explained 
17% (spatial) o f  the total variance o f  the data. This provides an indication o f  the overall 
importance o f  each dim ension and suggests that the timbral aspects o f  the codecs w ere perceived 
with more intensity than the spatial features o f  the low  bit rate surround sound codecs used in the 
study.
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D evelopers and researchers in the audio coding field could benefit from the above conclusion in 
the sense that they could adopt these two identified perceptually salient dim ensions as subjective 
listening test scales in order to assess the performance o f  low  bit rate spatial audio codecs.
The interpretation o f  dim ensions test revealed that, although a solution w ith two salient 
dim ensions seem ed to the optimum for this study, a substantial number o f  terms were described 
by the participants o f  the experiment reported in this chapter. This leads to the suggestion that the 
construct masking problem affected the m odel, or at least that the perceptual effects noticed in 
dissimilarity judgem ents were only broadly grouped by subjects according to the dominant 
artefacts. A s aforementioned, the construct masking phenomenon was firstly discussed by Berg 
(2006) and occurs when one attribute is perceptually dominant over others. Furthermore, a 
solution with two perceptually salient dim ensions may not provide enough information to fully  
describe the perceptual effects introduced by low  bit rate surround sound codecs.
It can be concluded that a further investigation including a verbal elicitation test using different 
types o f  programme material could be used to identify more perceptual attributes describing the 
distortions introduced by low  bit rate surround sound codecs. This would allow  for more in-depth 
conclusions regarding the multidimensional perceptual space o f  low  bit-rate multichannel audio 
codecs.
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6 Identification of Independent Perceptual Attributes for the 
Assessment of Low Bit Rate Multichannel Audio Codecs
6.1 Introduction
In the experiment reported in Chapter 5, M ultidimensional Scaling (M D S) was the technique 
em ployed to uncover perceptually salient dim ensions describing the distortions introduced by 
low  bit rate multichannel codecs. The results o f  that study indicated a solution with two 
perceptually salient dim ensions as being the optimum for the proposed model. However, the low  
number o f  perceptually salient dim ensions identified in the M DS study was contrary to author’s 
expectation. This expectation was based on the fact that, as described in Chapter 1 (see Table 1-2), 
a substantial number o f  artefacts intrinsic to low  bit rate spatial audio codecs have already been 
identified by other researchers. Therefore, a model with two perceptually salient dim ensions 
describing these artefacts m ay not provide a detailed characterization o f  the perceptual effects 
introduced by the codecs. It can also be inferred that the M DS m odel developed in Chapter 5 may 
have grouped the differences between the codecs in a rather crude way. A lso, although only two 
perceptually salient dim ensions were uncovered in the experiment reported in Chapter 5, more 
than tw elve terms were obtained in the interpretation o f  dim ensions part o f  that experiment. This 
suggests that som e strong perceptual characteristics o f  the codecs might have dominated or 
hidden weaker ones in the dissimilarity test. The construct masking phenomenon may have 
affected that model. A s already mentioned, this phenomenon was firstly discussed by Berg (2006) 
and occurs when one attribute is perceptually dominant over others. Although Berg (2006) does 
not recommend any specific method for overcom ing the cited phenomenon, he states that one 
way to circumvent construct masking is to ask the subjects to ‘exhaust’ all perceived attributes o f  
a given stimulus or group o f  stimuli before the stimuli are changed.
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Based on the above discussion it w as concluded that another study was needed in order to identify 
more independent perceptual attributes describing the distortions introduced by low  bit rate 
multichannel audio codecs. It w as also inferred that the conduction o f  another experiment using 
an alternative m ethodology w ould allow  for a more thorough characterization o f  the perceptual 
effects introduced by low  bit rate surround sound system s. The study reported in this chapter 
consisted o f  a verbal elicitation experiment in w hich the subjects could describe perceptual 
attributes detailing the artefacts introduced by low  bit rate surround sound codecs. It was decided 
to conduct a verbal elicitation experiment, due to the fact that this approach has the potential o f  
eliciting many terms and therefore uncover more independent perceptual attributes. In addition, 
this type o f  study could potentially help to establish a lexicon o f  terms describing distortions 
generated by low  bit rate multichannel audio codecs.
The Repertory Grid Technique (RGT) was the method chosen to perform this study. The rationale 
for this choice was the appropriateness o f  this method for experiments aiming to uncover 
independent perceptual attributes describing effects related to spatial audio system s (Berg and 
Rum sey 2006). RGT was successfully used by other researchers in studies that aimed to identify 
independent perceptual attributes describing the characteristics o f  spatial audio system s. Berg 
and R um sey (1999), for instance, used RGT in a study aiming to identify sound quality attributes 
in surround system s using combinations o f  recording and playback techniques. They extracted 
eight independent perceptual attributes in their study (see Table 2-4). Moreover, C hoisel and 
W ickelmaier (2006) extracted eight independent perceptual attributes in their RGT based 
experiment that was carried out w ith the intention o f  identifying attributes describing quality 
changes in multichannel reproduced sound system s (see Table 2-4).
Repertory Grid Technique (RGT) -  in contrast to M DS -  is categorized as a direct elicitation 
method. D irect elicitation methods are based on the analysis o f  verbal descriptors that are elicited
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from a group o f  subjects. M ultidimensional Scaling (M D S), on the other hand, is a non-verbal 
scaling technique in w hich mathematically based similarity ratings rather than verbal descriptors 
are analyzed. A lso, according to B ech and Zacharov (2006), RGT belongs to the group o f  
individual vocabulary techniques. These techniques em ploy individual attribute scales that are 
generated and rated separately by each participant in an experiment. In contrast, consensus 
vocabulary techniques such as Quantitative Descriptive A nalysis (Q DA ) em ploy common  
attribute scales. These comm on scales are agreed and rated by all panel members o f  a given  
study. Consensus vocabulary techniques can also be used in experiments aiming to identify 
perceptual attributes from a group o f  stimuli. However, som e concerns have been raised 
regarding their suitability for extracting attributes from a group o f  stimuli in an unbiased manner. 
Berg and Rum sey (1999), for instance, state that in studies em ploying consensus vocabulary 
techniques such as QDA, the participants are influenced and possibly biased by each other during 
the phase in w hich they have to agree about a comm on set o f  attributes. Stone and Sidel (1993) 
also affirm that in Q D A  based studies, despite the final agreement on the set o f  attributes the 
participants seldom  agree on their perceptions. A lso, according to Berg and R um sey (1999), the 
main advantage o f  individual attribute scales methods such as RGT is that they have low  
experimenter bias in the data acquisition phase. Berg and Rum sey also conclude their RGT based 
study by affirming that RGT is a suitable method for identifying independent perceptual attributes. 
Based on the above discussion, the Repertory Grid Technique was chosen as the method for 
performing the study reported in this chapter.
The repertory grid technique was originally created by K elly (1955) as a method for eliciting  
constructs from participants in psychological tests. Berg and Rum sey (1999) adapted RGT for 
audio tests conducting a pioneering experiment that aimed to uncover attributes describing quality 
changes in surround sound systems.
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RGT normally consists o f  two parts: elicitation and rating. In the elicitation part, the assessor is
asked to describe in what w ay either a pair or a triple o f  stimuli differ or are alike. In a triadic
comparison (RGT-3), for instance, the subject is required to indicate the stimulus that differs most
from the other two. The assessor is then asked to describe in words in w hich w ay the most
different stimulus differs from the other two and then to express in words in w hich w ay the two
similar stimuli are alike. In a paired comparison (RGT-2), the assessor is normally asked to
describe all the differences perceived between the pairs o f  stimuli that are under analysis. In the
rating part o f  a typical RGT test, the listeners are asked to rate all stimuli along the scale defined
by their own elicited constructs. Two bipolar constructs described by the subject are normally
used to represent the poles o f  the scale. For instance, i f  a subject describes the terms ‘dark5 and
‘bright’ to illustrate the differences between tw o stimuli, these terms w ill form the poles o f  the
scale.
This chapter describes an RGT based experiment that was carried out with the aim o f  identifying  
independent perceptual attributes related to artefacts introduced by low  bit rate surround sound 
codecs. The aforementioned aim o f  this study is the fourth objective listed in Section 0.2 o f  this 
thesis.
The follow ing research questions were addressed by this study:
1. H ow  many independent perceptual attributes can be uncovered describing the artefacts 
introduced by the low  bit rate surround sound codecs used in this study?
2. What is the overall importance o f  these attributes?
3. What are these independent perceptual attributes?
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6.2 Experimental Method
6.2.1 General Methodology
The aim o f  this experiment was to uncover independent perceptual attributes describing the 
artefacts introduced by low  bit rate multichannel audio codecs. A  listening experiment was 
conducted in w hich the subjects w ere asked to express verbally all perceived differences in the 
sound stimuli containing both unprocessed recordings and examples o f  low  bit rate multichannel 
audio coding processes. The assessors were asked to describe the differences found in pairs o f  
stimuli (RGT-2) using pairs o f  opposite terms such as ‘narrow’ and ‘w id e’. Therefore personal 
constructs were elicited from the subjects generating bipolar scales with the opposite constructs 
expressed verbally by them. These scales were then used in the rating part o f  the experiment, hr 
the rating part, the participants were required to rate the recordings using their own personal 
construct scales. They were asked to indicate the degree in which the sound stimuli were affected 
on their own personal construct scales. The data obtained from the rating part was analyzed 
through factor analysis. The aim o f  the factor analysis was to find out what patterns existed in the 
data structure that could reveal independent perceptual attributes. During the factor analysis, these 
patterns, also known as factors, were identified. After that, the factors w ere interpreted and 
labelled and the lexicon o f  independent perceptual attributes representing these factors were 
established.
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6.2.2 Subjects
A  total o f  nine experienced listeners among audio engineering lecturers and PhD researchers o f  
the Institute o f  Sound Recording, University o f  Surrey took part in this study. Similarly to the 
other experiments conducted in the scope o f  this thesis a small panel o f  expert listeners was 
chosen due to the fact that this study required critical listening skills. The listeners were required, 
for instance, to articulate terms representing what they heard which justified the adoption o f  
highly skilled participants such as audio engineering lecturers.
6.2.3 Programme Material
Three recordings (see Table 6-1) were chosen from comm ercially available multichannel audio 
material. The reason for using three programme items in this study was due to the fact that a 
relatively large (ten) number o f  audio processes (elem ents) were em ployed in this experiment 
(see Section 6.2.4). Hence, due to time constraints, three recordings were used in this study. The 
number o f  programme items used in this experiment w as fairly similar to that used in other RGT  
based experiments. C hoisel and W ickelmaier (2006), for instance, used four musical excerpts and 
eight different audio processes (elem ents) in their RGT based study.
The rationale for the choice o f  the programme material w as based on the results o f  the sem i- 
formal listening tests that were described in Section 4.2.2. In that test, a panel o f  expert listeners 
selected recordings that w hen processed using codecs exhibited a w ide range o f  coding artefacts. 
Additionally, for consistency w ith the previous experiment, it was decided to use the recording 
that was employed in the experiment reported in Chapter 5. The three recordings used in the 
experiment are described in Table 6-1 w hich contains information concerning the duration,
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artist/title, spatial m ode, and description o f  their content. A s mentioned in Chapter 4, the
classification regarding spatial m ode w as done according to the concepts introduced by Zielinski
et a l (2003) that assigned the names F-F for recordings with prominent foreground information in
both front and rear channels and F-B for excerpts with spatial modes presenting predominant
foreground content in the front channels and background information in the rear channels.
Chapter 6: Identification of Independent Perceptual Attributes for the Assessment of Low Bit Rate
Multichannel Audio Codecs
Excerpt
No.
Genre Duration Artist/ Title Spatial
Mode
Description
1 Pop
M usic
9s Eagles/
Seven
Bridges Road
F-F Five singers (voices), each 
one in a different channel 
with applause content 
surrounding the listener.
2 Jazz
M usic
7s L ee Ritenour/
Captain
Fingers
F-B Guitar playing the first part 
o f  the theme on left channel 
and the second h a lf on the 
centre channel. M ainly  
reverberation content on rear 
channels.
3 TV
Sport
6s BBC  Sports/
Tennis from 
W imbledon
F-F Applause surrounding the 
listener. Commentator’s 
voice on right channel 
during first half. U m pires’ 
vo ice  on left channel in the 
second h a lf o f  the excerpt.
Table 6-1 Programme material used in experiment
6.2.4 Audio Processes (Elements)
Ten audio processes (elem ents) were used in the experiment. The choice o f  the audio processes 
for this study was based on the results obtained in the M D S experiment reported in Chapter 5. hi 
the aforementioned study, the author used twenty audio processes to uncover perceptually salient 
dim ensions describing the distortions introduced by low  bit rate surround sound codecs. 
However, it was found that som e o f  these processes lay close to each other in the two dimensional
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space o f  that model, which indicates that these stimuli are likely to give rise to similar coding 
artefacts (see Section 5.3.1). Thus, a selection was made based on the contribution o f  the 
processes to the perceptually salient dim ensions identified in the experiment described in Chapter 
5. This contribution was assessed follow ing the examination o f  both the two dimensional space 
(Figure 5-3) and the stimulus coordinates o f  the two perceptually salient dim ensions identified in 
that experiment (Appendix H). The processes ob2, ob3 and ob4 (see Figure 5-3), for instance, lay 
close to each other in the two dim ensional space o f  the experiment reported in Chapter 5. The 
process ob2 w as chosen for the study reported in this chapter, since this was the process that -  
according to the stimulus coordinates shown in Appendix H -  was the object that most 
contributed to the dim ensions uncovered in the experiment described in Chapter 5. A  similar 
procedure w as adopted for selecting the other processes used in this study. Table 6-2 shows the 
audio processes that were used in this experiment.
6.2.5 Acoustical Conditions and Equipment
The acoustical conditions and equipment w ere the same as those for the experiments reported in 
Chapters 4 and 5 (See Section 4.2.4).
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Nr. C ode Process
1 R ef N o processing
2 MPS M PEG Surround at 64 kbit/s
1 3 W M A W indows M edia A udio 9.1 at 128 
kbit/s
4 KLT Karhunen-Loeve Transform 
based encoder (Jiao et a l 2007) 
with Advanced A udio Coding 
Plus at 64 kbit/s
5 D olby AC-3 D olby Digital (A C -3) at 224  
kbit/s
6 AACplus M PEG 4 High Efficiency  
A dvanced Audio Coding Plus 
(AACplus) at 64 kbit/s
7 AAC MPEG-4 Advanced Audio  
Coding at 64 kbit/s
9 Audx 192 Audx at 192 kbit/s
9 Audxcasc Audx at 80 kbit/s
cascaded with D olby AC-3 at 192
kbit/s
10 M PEGcasc M PEG surround cascaded (5 
stage) at 64 kbit/s
Table 6-2 Audio processes (elem ents) used in experiment. A ll codec bit rates listed were used in
5.1 channel operation mode
6.2.6 Elicitation Part
A s already mentioned, in the elicitation part o f  a typical RGT study, either triadic comparison 
(RGT-3) or pair w ise comparison (RGT-2) can be employed to elicit attributes from a group o f
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subjects. C hoisel and W ickelmaier (2006, p 819), state that a possible problem that might occur in
the elicitation phase o f  a test is that, “in a given pair o f  stimuli a dominant attribute might mask
another, less dominant but yet important attribute”. A s aforementioned, this is the so-called
construct masking phenomenon (Berg 2006). According to the study conducted by Choisel and
W ickelmaier (2006), RGT pair w ise comparison (RGT-2) turned out to be more effective in terms
o f  avoiding the problem o f  construct masking rather than RGT triadic comparison (RGT-3). Thus,
RGT-2 w as chosen as the elicitation method for this experiment.
In the elicitation part o f  this study, each stimulus in a given group (programme material) was 
compared with other stimuli o f  the same group. Therefore each listener made a total o f  one 
hundred and thirty-five pair w ise comparisons (forty-five pair w ise  comparisons for each 
programme material used in the experiment). The assessors were asked to describe the differences 
between tw o stimuli using a pair o f  opposite words or expressions such as ‘bright’ and ‘dark’. 
The follow ing question was posed: "In w hich w ay are these two sounds different from each 
other?” The subjects in this study were encouraged to exhaust all the possibilities o f  each 
stimulus pair until they could not com e up with any more adjectives. A ppendix I shows the 
instructions that were given to the listeners in the elicitation part o f  the study reported in this 
chapter.
6.2.7 Rating Part
A s aforesaid, in a typical RGT study the subjects are asked to rate stimuli using their own 
described constructs, h i the rating part o f  this study, the assessors were asked to indicate the 
degree to w hich each stimulus was affected by each construct. A  continuous scale w as used with 
two opposite constructs such as ‘M ore enveloping’ and ‘Less enveloping’ (see Figure 6-2) and
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the follow ing sentence was posed: “These sounds have or are:” It is important to mention that the
participants were asked to rate their own constructs listening to all the thirty stimuli used in the
experiment. The instructions that were given to the listeners in the rating part o f  the experiment
can be found in Appendix J.
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TRIAL: 1 /45
In which way are these two sounds different from each other?
Now Playing: OFF
Click here to type your answers
Save & 
N e x t » j
Figure 6-1 Interface used in the elicitation part o f  the RGT experiment
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_ _ _ _ t n c
page: -36 These Sounds have or are:
Now Playing: OFF
More enveloping
Less enveloping
A J IBj C j  DJ E_
More enveloping
less enveloping
Stop j Save & Next» J
Figure 6-2 Interface used in the rating part o f  the RGT experiment
6.3 Analysis and Results
The data from the experiment consisted o f  constructs that were described in the form o f  verbal 
descriptors, each with numerical values that represented the construct’s correspondence with the 
stimuli. This data was analyzed using the procedures described in the follow ing sections.
Unlike in the other experiments reported in this thesis, no attempts were made to assess the 
reliability and consistency o f  the subject’s ratings o f  the stimuli. The reason for this is that RGT 
experiments are based on the theory o f  personal constructs developed by Kelly (1955). This 
theory states that each construct described by a subject is initially individual. According to Kelly,
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the subject does not react to a physical stimulus but rather to his or her perception o f  the stimulus.
H ence, the constructs w ere treated here as unique and inherently reliable. Furthermore, as
aforesaid, the subjects created and assessed their own individualised scales in this study. This
procedure w as also adopted in other RGT based studies such as the ones conducted by Berg and
Rum sey (1999) and Choisel and W ickelmaier (2006).
6.3.1 Number of Elicited Constructs
A  total o f  one hundred constructs were generated by all subjects. The minimum number o f  
constructs described by a subject was eight and the maximum was fifteen. The mean value for 
the number o f  constructs was eleven. A  list with all constructs obtained in the experiment can be 
found in Appendix K.
6.3.2 Initial Analysis
A s a relatively large number o f  constructs were obtained, it was necessary to find out what 
patterns existed in the data structure that could reveal independent perceptual attributes. This 
w ould enable to find whether there was an underlying structure to the listener responses. 
Although the assessors used various different personal terms to describe what they heard, there is 
the assumption that terms with similar rating patterns were probably describing similar 
underlying percepts. In order to achieve the aforesaid task, two approaches are normally taken: 
the first involves the classification o f  the verbal data into semantic categories as used by 
Guastavino and Katz (2004). The second approach is based on the analysis o f  the com plete data 
base o f  ratings o f  the stimuli on the elicited constructs. The latter w as adopted in this 
investigation.
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Semantic categorization approaches such as the verbal protocol analysis are normally employed  
as a first step to reduce the initial number o f  elicited constructs to a manageable quantity before 
any statistical method is applied. Berg and R um sey (1999), for instance, obtained three hundred 
and forty-two constructs in their elicitation experiment. They applied sem antic categorization 
analysis to reduce the number o f  constructs to two hundred and twenty-eight before running 
cluster analysis to apply a further reduction in order to determine an optimum number o f  
independent perceptual attributes. Guastavino and Katz (2004) adopted a similar approach to 
reduce their four hundred and fifty-three descriptors before running any statistical analysis. As 
aforementioned, in the experiment reported here, one hundred constructs were obtained. Hence, 
there was no need to apply a first step o f  verbal categorization before analyzing the ratings o f  the 
stimuli. A lso, according to Berg and Rum sey (2006), semantic categorization processes can 
introduce experimenter bias. This was also the reason w hy other methods based on semantic 
analysis such as grounded theory (Glaser and Strauss 1967) and semantic differential analysis 
(O sgood et al. 1957) were not used in this study. It can also be inferred that the difficulty in 
interpreting the data based on semantic analysis is one o f  the key reasons that led researchers such 
as Grey (1977) in the field o f  timbre research to avoid using the aforesaid methods. Based on the 
above discussion, it was decided to perform an analysis o f  the complete data base o f  ratings o f  the 
stimuli on the elicited constructs in order to identify the independent perceptual attributes that 
could describe the distortions introduced by the low  bit rate surround sound codecs used in this 
study.
Several statistical methods are available to find patterns and identify independent perceptual 
attributes based on the ratings o f  the stimuli. The m ost common ones are factor analysis and 
cluster analysis. Factor analysis was chosen for this study since, according to Hair et al (2006), 
this method is suitable for experiments aim ing to find structures and extract independent 
attributes from a group o f  variables. The constructs described by the participants o f  this study had
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been converted into individual scales and rated individually by each assessor, h i order to perform
the statistical analysis the data obtained using scales associated with constructs w as treated as
variables. Hence, each variable in the data analysis corresponded to a specific (individual)
construct. Cluster analysis, although em ployed in RGT based experiments conducted by
researchers such as Berg and R um sey (1999), is more suitable for studies that intend to identify
similarities between cases or subjects. Factor analysis is normally referred as being an ‘R
analysis’ whereas cluster analysis is classified as a £Q analysis’. CR analysis’ refers to
relationships between variables w hilst ‘Q analysis’ is normally associated with classification and
grouping o f  individual respondents or observations. Based on the above discussion, factor
analysis w as thought to be the m ost suitable statistical method for analyzing the data obtained in
this study.
6.3.3 Factor Analysis
Factor analysis was performed in order to find out what patterns existed in the data obtained in 
this experiment that could reveal independent perceptual attributes. These patterns — w hich in 
factor analysis are named as factors -  w ere identified and extracted which made it possible to 
uncover the independent perceptual attributes that describe the distortions introduced by the low  
bit rate surround sound codecs used in this experiment. The process o f  identifying patterns in the 
data structure was achieved by the examination o f  the correlation matrix o f  the variables used in 
the experiment. A relationship was established among these variables w hich allowed for the 
determination o f  an optimum number o f  factors that could explain the original data structure in a 
simpler way.
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A s aforesaid, the constructs described by the participants o f  this study w ere converted into
individual scales w hich were rated individually by each subject, h i order to run the factor
analysis, the constructs were treated as variables.
A ccording to authors such as Hair et al (2006), Field (2005) and Child (2006) -  prior to running 
the factor analysis -  it is necessary to assess the variables in order to check their suitability for 
factor analysis. A  number o f  recommended assessm ents are suggested, and they are described in 
the next two paragraphs.
The first recomm ended assessm ent is the analysis o f  the correlation matrix w ith all variables in 
order to ensure that there are sufficient correlations between the variables. I f  the correlation 
matrix reveals a substantial number o f  correlation coefficients lower than 0.30, factor analysis is 
not appropriate. It was verified that approximately 80% o f  the correlation coefficients were 
greater than 0.30 w hich confirms the appropriateness o f  the factor analysis. It is important to 
mention that -  due to size restrictions -  as one hundred variables were analyzed in this study, the 
correlation matrix with all variables is not presented in this thesis.
Another assessm ent is the so-called Kaiser-M eyer-Oklin measure o f  sam pling adequacy (M SA). 
M SA  calculates the degree o f  intercorrelation among the variables. M SA  values vary between 0 
and 1 with a value close to 1 representing a relatively compact pattern o f  correlations which  
indicates that factor analysis w ould reveal reliable factors (Field 2005). According to Hutcheson 
and Sofroniou (1999) only M SA  values that are greater than 0.50 are acceptable. M oreover, 
values between 0.50 and 0.70 are considered m ediocre, values between 0.70 and 0.80 are good 
and coefficients above 0.80 are very good. The Kaiser-M eyer-Oklin measure o f  sampling 
adequacy coefficient obtained in this experiment was 0.79 w hich can be considered as good in 
terms o f  adequacy o f  this data set for factor analysis. Hair et al (2006) also recommend that it is
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mandatory to check the M SA  values for each individual variable in order to identify variables 
with values that fall below  the acceptable range o f  0.50. These variables, according to Hair et al 
(2006) and Field (2005), should be excluded from the analysis as their M SA  values are below  the 
acceptable range. This is because one o f  the main goals o f  the factor analysis is to identify 
patterns in the data structure. Variables with M SA  values below  the acceptable range may make 
difficult the task o f  identifying these patterns and also may affect the interpretability o f  the data. 
Therefore, tw elve variables presenting individual M SA  values below  0.5 were excluded from the 
analysis in order to conform to the above recommendations. After this post-screening process, the 
overall Kaiser-M eyer-Oklin measure o f  sam pling adequacy coefficient obtained was 0.81 which  
can be considered as very good in terms o f  sampling adequacy. Moreover -  in this new  post­
screened analysis — all variables presented M SA  values above the .50 threshold w hich indicated 
that this new set o f  variables w as appropriate for factor analysis.
One o f  the decisions that needs to be taken in factor analysis is the choice o f  the statistical 
algorithm for extracting factors from the correlation matrix. The most com m only em ployed factor 
extraction method is the so-called principal component analysis (PCA). In factor analysis, 
variables are grouped by their correlation. H ence, it is important to examine how  much o f  the 
variance o f  a particular variable can be shared with other variable and also to determine how  
much o f  the variance cannot be shared. PCA works by taking into account three types o f  
variance: the comm on variance, w hich is the variance that a variable shares with all other 
variables; the unique variance, w hich is the variance o f  a variable that is associated with another 
specific variable; and the error variance, w hich is the variance o f  a variable that cannot be 
explained by the correlations with other variables. After examining these variances, PCA forms 
linear combinations o f  the observed variables o f  a given sample. These linear combinations are 
also known as PCs (principal components). The first PC is the combination that accounts for the 
largest amount o f  variance. The second PC accounts for the next amount o f  variance and
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successive components explain progressively smaller portions o f  the total variance. PCs are 
uncorrelated with each other. The other method that is normally em ployed for factor extraction is 
the comm on factor analysis. This method -  unlike PCA -  considers only the com m on variance o f  
the variables. Common factor analysis is view ed as a more theoretical approach than PCA. 
Although considerable controversy remains regarding w hich method is the more appropriate, 
many authors such as W ilkinson et al (1996) state that the results obtained from.the two methods 
are normally very similar and the differences between comm on factor analysis and PCA are 
negligibly small. B ased on the above discussion, PCA was chosen as the factor analysis 
extraction method for this study.
W hen PCA is used to extract factors, these factors are typically labelled as components or PCs 
(principal components). In this chapter, for sim plicity, the terms PCs, components and factors are 
used interchangeably.
In order to determine the number o f  factors to be extracted it is necessary to inspect the 
percentage o f  the total variance explained by the principal components (PCs). Table 6-3 shows 
the total variance explained by the first twenty-nine PCs. The reason for show ing only the first 
twenty-nine PCs is that 100 % o f  the total variance was explained by these first twenty-nine PCs. 
It can also be seen (colum n labelled “Cumulative variance”) that approximately 70% o f  the total 
variance is explained by the first four PCs. Hair et al (2006) states that a solution that accounts for 
60% o f  the total variance can be considered as satisfactory. The m odel developed in Chapter 5 
explained 71% o f  the total variance o f  the data obtained in data experiment. This suggests that, 
for consistency, four factors should be extracted from this model.
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Principal
Component
(PC)
Variance 
explained by 
each PC
Cumulative
variance
0//O %
PC 1 48.839 48.839
PC 2 9.598 58.437
PC 3 6.715 65.152
PC 4 4.362 69.514
PC 5 3.877 73.390
PC 6 3.493 76.883
PC 7 2.682 79.565
PC 8 2.513 82.079
PC 9 2.146 84.225
PC 10 2.068 86.293
PC 11 1.694 87.987
PC 12 1.633 89.620
PC 13 1.343 90.963
PC 14 1.295 92.258
PC 15 1.154 93.412
PC 16 .937 94.349
PC 17 .825 95.174
PC 18 .743 95.917
PC 19 .646 96.563
PC 20 .616 97.178
PC 21 .489 97.667
PC 22 .462 98.129
PC 23 .419 98.547
PC 24 .356 98.903
PC 25 .334 99.237
PC 26 .235 99.472
PC 27 .211 99.683
PC 28 .168 99.852
PC 29 .148 100.000
Table 6-3 Total and cumulative variances explained by the first 29 PCs
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According to N orusis (2006a), there is no right answer concerning the number o f  factors to be 
used in order to explain a model. Several different criteria can be applied before a final decision is 
made. One o f  these criteria is the so-called latent root criterion. This criterion suggests that only 
PCs that account for variances greater than 1% should be included in the final solution. PCs with  
variances that are less than 1% are not considered significant. Table 6-3 denotes that only the 
first fifteen PCs have variances greater than 1%.
A  further approach normally taken to determine the number o f  factors to be extracted is the scree 
test criterion. In order to perform the scree test, the variances explained by each PC are plotted 
against the number o f  PCs in their order o f  extraction. According to Haft e t a l (2006), the point at 
w hich the curve starts to straighten out indicates the maximum number o f  factors to extract. The 
scree plot with the variance associated w ith each PC can be seen in Figure 6-3. A  point o f  
inflection can be observed after the fourth PC with the curve starting to straighten out which  
suggests that the number o f  factors to be extracted is four. Moreover, the four factor solution  
explains approximately 70% o f  the total variance o f  this model w hich can be considered 
satisfactory and consistent w ith the experiment reported in Chapter 5. Based on the above 
discussion, it was decided to retain four factors for further analysis. This suggests that the number 
o f  independent perceptual attributes revealed in this study was four. This answers the first 
research question stated at the beginning o f  this chapter. -
Table 6-4 show s the variance explained by each o f  the four factors extracted in this model. It can 
be observed that factor 1 described 48.8%  o f  the variance; factor 2 explained 9.6% o f  the 
variance; factor 3 accounted for 6.7% o f  the variance, and factor 4 explicated 4.4% o f  the 
variance o f  the data. This provides an indication o f  the overall importance o f  each factor extracted 
in this experiment and suggests that the perceptual changes along factor 1 w ere the most
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pronounced; follow ed by factor 2, factor 3 and factor 4. This addresses the second research 
question o f  Section 6.1.
Scree Test
Principal Component Number
Figure 6-3 Scree plot showing the variance explained by each principal component (two vertical 
integers are used to show PC numbers above 10)
Factors extracted in the experiment 
1 2  3 4
Variance
explained
%
48.8 9.6 6.7 4.4
Table 6-4 Variance explained by each factor extracted in the experiment
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Once the number o f  factors for the m odel is defined, it is necessary to exam ine the factor loadings
that are going to be considered in the analysis. Factor loadings correspond to the correlation
betw een the original variable and the factor. These indicate the w eight that is assigned to each
factor for each variable. Stevens (1992) states that for datasets that range between fifty and one
hundred variables factor loadings o f  approximately 0.70 should be considered. Haft et al (2006, p
128) affirm that “loadings exceeding 0.70 are considered indicative o f  w ell-defined structure and
are the goal o f  any factor analysis” . H ence, only factor loadings greater than or equal to 0.70 were
taken into consideration in the analysis o f  this experiment.
The factor loadings w ere analyzed using a rotated matrix. The reason for analyzing the rotated 
matrix rather than the un-rotated one is the follow ing. In un-rotated matrices m ost variables tend 
to present high loadings on the most salient factor and small loadings on all other factors (Field  
2005). A lso , due to the fact that the first factor accounts for the largest amount o f  variance, it 
tends to be a general factor in w hich alm ost every variable presents significant factor loadings. 
The second and subsequent factors accoimt successively for small portions o f  variance and 
therefore present non-significant factor loadings. This pattern makes difficult the interpretation o f  
the factors, since it does not provide a clear identification o f  the variables that correlate to the 
factor. Factor rotation techniques allow  a simpler interpretation but do not affect the goodness o f  
fit o f  a factor solution (Norusis 2006a). Factor rotation was then employed in order to facilitate 
the interpretation o f  the factors extracted in this m odel. Table 6-5 presents the rotated matrix with 
the four factors o f  this m odel showing the variables with loadings greater or equal to 0.70 in each 
factor.
Factor rotation techniques work by rotating the reference axes o f  the factors. There are two types 
o f  factor rotation: orthogonal and oblique, hi orthogonal rotation the factors are kept independent 
during the rotation process, whereas in oblique rotation the factors can correlate. Orthogonal
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rotation was used in this study. The rationale for this choice was based on the fact that the main 
goal o f  this experiment was to identify independent (uncorrelated) perceptual attributes 
describing the distortions introduced by low  bit rate multichannel audio codecs. Hence, 
independent (uncorrelated) factors w ere needed. Furthermore, according to Norusis (2006a), 
factors are more difficult to be interpreted in the oblique rotation method. Additionally, Hair et al 
(2006) state that the analytical tools for performing oblique rotation are not as w ell developed as 
the ones for orthogonal rotation; hence the latter is more w idely used. A lso -  as discussed in 
Chapter 4 -  the distortions introduced by low  bit rate multichannel audio codecs are unlikely to 
be perceptually independent w hich makes it difficult to isolate and define the most salient quality 
impairments introduced by these system s. Thus, a rotation method that keeps the independency 
between the factors w ould not only facilitate the interpretation o f  the factors but w ould also allow  
for more accurate conclusions concerning the distortions introduced by low  bit rate surround 
sound codecs.
6.3.4 Interpretation of the Factors
The process o f  interpreting and labelling the factors is som etim es described as an inferential 
procedure. However, there are som e objective criteria and suggestions that are normally 
em ployed in this process. Field (2005), for instance, suggests that, when interpreting a factor, the 
variable with the highest loading should be taken into consideration first as it is the one that most 
correlates w ith the factor. After that, the researcher should search for com m onalities in the 
variables that load onto the factor and then make a decision concerning the name o f  the factor. 
A lso, Hair et al (2006) state that the researcher should identify the variables with the greatest 
loadings in each factor and assign a name that best represents the factor’s conceptual meaning 
based on them. The aforementioned criteria w ere applied in this study in the process o f  factor
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interpretation. Additionally -  in order to improve the labelling process — comparisons with  
attributes elicited and defined by other audio researchers were made.
Table 6-5 show s the factor loadings o f  the four factors extracted ill the m odel derived from this 
study. It can be noticed that som e o f  these variables are listed tw ice in the table. This is due to the 
fact that different listeners described the exact same term in the elicitation part o f  the study. The 
variables w ith higher loadings on factor 1 indicate that this factor can be associated with timbral 
distortions o f  the multichannel codecs em ployed in this experiment. The variable with the highest 
loading in factor 1 is ‘bubbling’. This term has been identified by Bech and Zacharov (2006) as a 
bubbling noisy sound perceived in the background. The term ‘bubbling’ can also be associated 
with coding noise as this sort o f  perceptual effect occurs when tandem coding artefacts are 
introduced. Moreover, other variables with significant loadings on factor 1 that may be related to 
coding noise are ‘no isy’ and ‘distorted’. The variables ‘birdies’ and ‘chirpy’ have also 
considerable loadings on factor 1 and are related to each other. Erne (2001) described the artefact 
named ‘birdies’ as a chirp sound that can be perceived m ainly in the high frequencies o f  the audio 
content. Follow ing the discussion above, factor 1 can be interpreted as ‘coding and high 
frequency n o ise’.
169
Chapter 6: Identification of Independent Perceptual Attributes for the Assessment of Low Bit Rate
Multichannel Audio Codecs
Factors
1 2 *53 4
Bubbling 0.84
Chirpy 0.84
N oisy 0.81
Birdies 0.80
Unstable 0.80
Compressed 0.80
Unnatural 0.77
Temporarily blurred 0.77
Birdies 0.75
Distortion in rear 0.74
Distorted 0.71
Mechanical 0.71
Out o f  phase 0.86
Blurred image 0.85
Out o f  phase 0.83
Image blurred 0.83
B low ing 0.81
Less enveloping 0.87
Dense 0.75
Narrow 0.74
Less enveloping 0.72
Spectrally coloured 0.81
Dull 0.69
Table 6-5 Factor loadings (for clarity, only variables with loadings greater or equal to 0.70 in
each factor are displayed)
Factor 2 presents high loadings o f  two different variables: ‘out o f  phase’ and ‘blurred im age’. 
This may be an indication that phase distortions led to artefacts associated with blurring effects in 
the perception o f  the original image. However, no firm conclusions regarding this matter can be 
drawn at this stage. Additionally, factor 2 cannot be easily classified as being timbral or spatial. 
The reason for this affirmation is that, although the variable ‘blurred im age’ suggests that the 
factor can be associated with spatial aspects o f  the sound, the term ‘out o f  phase’ may be related 
to either timbral or spatial features o f  the codecs investigated in this experiment. According to 
this author’s listening experience, phase error distortions are normally associated with difficulty
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ill the perception o f  the original direction o f  the sound. This may indicate that these effects may 
affect m ainly the original spatial characteristics o f  the sound. N onetheless, Berg and Rum sey  
(2006), in their experiment that aimed to identify quality attributes from spatial audio system s, 
defined the term ‘phase error’ as being not spatial. Gabrielsson and Sjogren (1979) in their 
experiment w ith loudspeakers, headphones and hearing aids conducted a factor analysis and 
labelled a factor as ‘clearness’ after verifying loadings o f  terms related to diffuseness (associated  
with phase effects) and blurring. Similarly to Gabrielsson and Sjogren (1979), Toole (1985) in his 
investigation on loudspeaker sound quality identified a sound quality attribute namely 
‘clarity/definition’. He classified this attribute as a sound quality one and differentiated it from 
spatial quality attributes. Choisel and W ickelmaier (2006) also uncovered a ‘clarity’ attribute in 
their experiment w ith different multichannel reproduction systems and did not categorize this as 
being timbral or spatial. Based on the discussion above, factor 2 can be labelled as ‘spatial image 
clarity’.
Factor 3 has higher loadings o f  variables that describe spatial aspects o f  the multichannel codecs 
used in this experiment. This is a clear indication that factor 3 can be associated w ith spatial 
features o f  the coding system s analyzed in this study. The variable ‘less enveloping’ is the one 
with the highest loadings on factor 3. The attribute envelopm ent was uncovered in other 
experiments with spatial audio system s such as the ones conducted by Berg and R um sey (1999) 
and C hoisel and W ickelmaier (2006). Envelopment was defined by Berg and Rum sey (2006) as 
the degree to w hich the listener is surrounded by the sound. The term listener envelopm ent (LEV) 
is also well-known in the field o f  concert hall acoustics being defined by Beranek (2004) as the 
degree to w hich the reverberant sounds tend to surround the listener. Another term that has a 
relevant loading on factor 3 is ‘dense’. This term was used by the assessor as an opposite o f  
‘spread’ w hich leads to the indication that the term is also related to spatial aspects o f  the sound. 
M oreover, the variable ‘narrow’ has a significant loading on factor 3. The term ‘narrow’ suggests
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a description o f  impairments related to the width o f  the spatial image, it can be associated with
the attribute ‘w idth’ w hich was also uncovered in the experiments conducted by Berg and
Rum sey (1999) and C hoisel and W ickelmaier (2006). ‘W idth’ is also related to the attribute
‘broadness’ that was uncovered by Zacharov and K oivim iem i (2001) in their experiment on
loudspeaker spatial reproduction. They defined ‘broadness’ as the width o f  the area o f  the
perceived sound. According to Berg and Rum sey (2006, p 375), attributes such as width and
envelopm ent are on the same dim ension since width “encompasses aspects o f  a single source, a
group o f  sources or a room. Envelopment may be described as an exaggerated width o f  the
sound”. They also state that term ‘w idth’ m ay be related to individual sound sources, a group o f
sources, or even the width o f  the reflective environment. Rumsey (2002) discusses the different
types o f  width and proposes the term ‘scene w idth’. This term w ould encompass the width o f
individual sources (individual source width), the width o f  a group o f  sources (ensem ble width),
and the width o f  the reflective environment (environment width). Based on the aforementioned
discussion, factor 3 can be interpreted as ‘scene w idth’.
The variable with the higher loadings on Factor 4  is ‘spectral coloured’. This variable suggests 
that factor 4 is related to timbral or sound colour aspects o f  the codecs investigated in this study. 
A lso, this was the only variable w ith loadings greater than 0.70 on factor 4. Therefore -  in order 
to obtain further information concerning the interpretation o f  factor 4 -  another variable with 
loadings slightly below  0.70 was included in Table 6-4 as well. This is the variable ‘dull’ which  
had loadings o f  0.69 and was defined by the subjects in the elicitation experiment as the opposite 
o f  ‘bright’. This variable can also be classified as a timbral one since the terms ‘dull’ or ‘duller’ 
are often associated with coding artefacts related to loss o f  high frequency content. The term 
‘spectral coloured’, however, m ay refer to spectral changes in both low , mid and high frequencies 
o f  the original spectral content. Many spatial audio researchers have uncovered attributes related 
to spectral changes. Zacharov and Koivuniem i (2001), for instance, in a study concering spatial
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sound reproduction over loudspeakers uncovered an attribute namely ‘tone colour’. They also
concluded that ‘tone colour’ w ould encompass terms such as ‘dark’ or ‘duller’ as these w ould be
related to spectral changes. M oreover B ech and Zacharov (2006, p 370) defined ‘tone colour’ as
an attribute “that describes the spectral content o f  the audio sample”. Guastavino and Katz
(2004) also uncovered an attribute nam ely ‘colouration’. A ccording to them, this attribute can be
associated w ith spectral colouration effects and encom passes terms such as ‘m uffled’. Factor 4
can therefore, be labelled as ‘tone colour’.
The main conclusions that can be drawn from the analyses described in this and in the previous 
section are the follow ing. Four independent attributes w ere identified describing the artefacts 
introduced by the low  bit rate multichannel audio codecs used in this study. These are ‘coding 
and high frequency noise’, ‘spatial image clarity’, ‘scene w idth’, and ‘tone colour’. This answers 
the third research question that was posed at the beginning o f  this chapter. The overall importance 
o f  these attributes w as indicated based oil the variance explained by each o f  them. ‘Coding and 
high frequency noise’ accounted for 48% o f  the total variance, follow ed by ‘spatial image clarity’ 
with 9.6%, ‘scene w idth’ w ith 6.7% and ‘tone colour’ with 4.4%. Codec designers and 
researchers in the audio coding field could benefit from the findings o f  this study. They could, for 
instance, attempt to adopt these four independent perceptual attributes as scales in order to assess 
more thoroughly the performance o f  low  bit rate spatial audio codecs.
6.4 Discussion
To the author’s knowledge this was the first elicitation experiment that used the repertory grid 
technique in the context o f  surround sound codecs. It was also the first direct elicitation  
experiment aiming to describe the distortions introduced by low  bit rate multichannel audio
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codecs. A solution with four factors was proposed for this model. The total o f  the variance 
explained by this solution was approximately 70% which can be considered as satisfactory. 
Figure 6-4 shows the four factors identified and the variance explained by each o f  them. Factor 1 
was labelled as ‘coding and high frequency noise’ and explained 48.8%  o f  the total variance; 
factor 2 was named as ‘spatial image clarity’ and explicated 9.6% o f  the total variance; factor 3 
was interpreted as ‘scene w idth’ and accounted 6.7% o f  the total variance; factor 4 was labelled 
as ‘tone colour’ and explains 4.4% o f  the total variance.
Coding and high Spatial image Scene width Tone colour
frequency noise clarity
Factors
Figure 6-4 Factors extracted in the experiment and the percentage o f  variance explained by them
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The results obtained from the factor analysis show ed that the m ost significant factor can be 
associated w ith timbral aspects o f  the sound. These results were expected and are fairly similar to 
the ones obtained in the studies reported in Chapters 3, 4 and 5 o f  this thesis. The study described 
in Chapter 5, for instance, uncovered a timbral and a spatial dimension with the timbral one being 
the more important in terms o f  explaining the variance o f  the data o f  that experiment. Moreover, 
the results obtained in the study reported in Chapter 4 show ed that the basic audio quality o f  low  
bit rate multichannel audio coding system s was more dependent upon timbral fidelity than on 
spatial fidelity attributes. In the experiment reported in Chapter 3 the artefacts related to timbral 
aspects o f  the sound such as bandwidth limitation were considered as the ones that most affected 
the perceived basic audio quality o f  the low  bit rate codecs used in that study. It is worth 
reiterating, however, that the overall importance o f  the dim ensions uncovered in the experiment 
reported in Chapter 5 and also o f  the independent attributes identified in the study reported here 
were quantified in terms o f  the proportion o f  their explained variance; whereas the attributes 
assessed in the experiments reported in Chapters 3 and 4 were quantified in terms o f  theft 
contribution to the BAQ .
A s with the other experiments reported in this thesis this study w as limited in terms o f  
programme material. The three audio excerpts that w ere selected for this experiment were 
considered as critical for low  bit rate surround sound codecs (see Section 6.2 .3) but -  as codecs 
do not perform uniformly with all audio materials (Soulodre et al, 1998) -  further 
experimentation including other type o f  recordings w ould be required to allow  for more generic 
conclusions concerning the results obtained in this study.
The repertory grid technique (RGT) was em ployed as the direct elicitation method to perform the 
study reported in this chapter. This method was chosen due to its appropriateness for experiments 
aiming to uncover perceptual attributes describing effects related to spatial audio system s (Berg
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and Rum sey 2006). A lso , other researchers had successfully used the RGT method in 
experiments aiming to identify attributes for the assessm ent o f  spatial audio system s. Another 
reason for choosing the RGT method was that the results obtained in the experiment reported in 
Chapter 5 suggested that the construct masking phenomenon affected that model. A s already 
mentioned, this phenomenon occurs w hen one perceptual attribute is dominant over others. Berg 
(2006) indicates that -  in order to circumvent construct masking -  it is necessary to ask the 
subjects to describe all the perceived differences between a group o f  stimuli before the stimuli are 
changed, RGT based studies, such as the ones conducted by Berg and Rum sey (1999) and 
C hoisel and W ickelmaier (2006), tend to uncover a large number o f  personal constructs, which  
indicates that the RGT method can be a good approach for overcoming construct masking. 
Although no firm conclusions can be drawn regarding the construct masking phenomenon it can 
be inferred that -  based on the outcom es o f  this experiment -  the RGT method achieved its 
objectives in terms o f  uncovering the underlying perceptual attributes o f  the stimuli in question. 
However, it w ould be a valuable approach to conduct another experiment in w hich the subjects 
could discuss and agree about the constructs elicited before the rating process. This approach also 
known as consensus vocabulary technique (B ech and Zacharov 2006) w ould generate a common  
scale to be used in the rating part o f  the experiment. This would allow a comparison with the 
results obtained in the experiment reported in this chapter.
Four factors were uncovered in the experiment. A  rotated component matrix w as used to interpret 
these factors since rotation techniques facilitate the interpretation o f  the factors. The rotation 
method used in this study was the orthogonal one. A s already mentioned, one o f  the reasons for 
this choice w as that this method allows a simpler interpretation o f  the factors since it keeps the 
variables independent (uncorrelated) in the rotation process. A lso, the main goal o f  this 
experiment was to identify independent (uncorrelated) perceptual attributes describing the 
distortions introduced by low  bit rate surround sound codecs. H ence, independent (uncorrelated)
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factors were needed in order to provide a more precise characterization o f  these distortions. It is
important to em phasize that the results obtained in this experiment were very similar to the ones
reported in the study described in Chapter 5. In Chapter 5, for instance, a timbral dim ension was
■ identified and accounted for 54% o f  the variance o f  the data o f  that experiment. In the study
reported in this chapter, two timbral factors were extracted. These were ‘coding and high
frequency n o ise’ and ‘tone colour’ and they accounted for 48.8% and 4.4%  o f  the total variance
respectively. These results indicate remarkable similarity to the ones obtained in the experiment
reported in Chapter 5.
The four factors identified in this study (coding and high frequency noise, spatial im age clarity, 
scene width and tone colour) are fairly similar to attributes defined by other researchers in 
experiments w ith spatial audio system s. In order to achieve a more objective analysis in the 
processes o f  interpreting and labelling the factors, a comparison with labelling processes 
em ployed by other researchers was made. The labelling process o f  this experiment w as inspired 
by the methods used by other researchers when they interpreted and labelled their attributes (see  
Section 6.3.4). However, as stated by Berg and R um sey (2006), in direct elicitation methods the 
experimenter at som e stage in the process has to make his or her own decisions regarding the 
meaning o f  the data. Labelling processes such as the one performed in this study are normally 
conducted by the experimenter. This w as the procedure adopted in the studies carried out by Berg 
and Rum sey (1999), Zacharov and K oivuniem i (2001) and Choisel and W ickelmaier (2006), for 
instance. A s a further step, however, another PhD researcher o f  the Institute o f  Sound Recording, 
U niversity o f  Surrey was invited to label the four factors extracted in this study. Based on the 
loadings shown in Table 6-5 this independent researcher assigned the follow ing names to the 
factors: coding errors, spatial im age clarity, scene width, and spectral. This interpretation was 
fairly similar to the one made by the author o f  this thesis. Two o f  these names are identical 
(spatial image clarity and scene width) and the other two are fairly similar to the ones labelled by
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the experimenter (coding errors and spectral). Although it is not possible to conclude firmly that
the labelling process was unbiased, it was reassuring that an independent researcher assigned
similar names to the attributes identified in this experiment.
6.5 Summary
A n experiment based on the Repertory Grid Technique (RGT) method was conducted in order to 
identify independent perceptual attributes that describe the artefacts introduced by low  bit rate 
surround sound codecs.
Four independent perceptual attributes were uncovered in this study. These were: ‘coding and 
high frequency n o ise’, ‘spatial im age clarity’, ‘scene width’, and ‘tone colour’. A s 
aforementioned, the model proposed in this study with these four attributes accounted for 
approximately 70% o f  the total variance w hich can be considered satisfactory. The overall 
importance o f  each attribute was quantified based on the variance in the data that was explained 
by each o f  the attributes. The variance explained by the identified independent perceptual 
attributes were: ‘coding and high frequency no ise’ 48.8% , ‘spatial image clarity’ 9.6%, ‘scene  
w idth’ 6.7%, and ‘tone colour’ 4.4%.
A s in the other studies reported in this thesis the most significant attribute can be associated with 
timbral aspects o f  the sound since the factor labelled as ‘coding and high frequency no ise’ 
accounted for 48.8%  o f  the total variance explained by the data. N onetheless, a spatial attribute 
was clearly identified and labelled as ‘scene w idth’ and explained 6.7% o f  variance o f  the data o f  
this experiment.
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To the author’s knowledge it was the first time that the RGT method was used in an elicitation
experiment that aimed to uncover independent perceptual attributes in a study w ith low  bit rate
multichannel audio coding system s.
A  next step in this investigation would be to examine if  the independent perceptual attributes 
extracted in this experiment could be used as scales in a study in which a group o f  subjects were 
asked to rate stimuli containing low  bit rate multichannel audio codecs. This w ould have to be 
investigated by means o f  formal subjective listening tests. This approach w ould make possible to 
verify i f  these uncovered independent perceptual attributes have a substantive meaning for 
subjects when used in the assessm ent o f  low  bit rate surround sound codecs.
Additionally,,it w ould be a valuable approach to conduct another elicitation experiment using the 
sam e stimuli but em ploying other elicitation methods such as consensus vocabulary techniques. 
This approach w ould allow the assessm ent o f  the generalisability o f  the independent perceptual 
attributes uncovered in the experiment reported in this chapter and would validate the obtained 
results.
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7 Summary, Conclusions and Future Work
This final chapter summarises the research and experimentation that is described in this thesis. 
The main conclusions drawn from the associated work undertaken in the scope o f  this research 
project are restated. Additionally, possible future directions from this research are delineated.
7.1 Summary and Conclusions
7.1.2 Chapter 0
Chapter 0 described the main motivations that led to the investigation reported in this thesis. 
Since basic audio quality based tests do not quantify the contribution o f  typical codec distortions 
to the perceived B A Q  o f  spatial audio codecs or allow for the identification o f  independent 
perceptual attributes that describe the artefacts introduced by spatial audio coding system s, the 
need for an investigation aiming to describe the sonic performance o f  low  bit rate spatial audio 
codecs beyond the basic audio quality w as established. The main aims o f  the thesis were defined  
as the follow ing: i) to explore the sonic performance o f  low  bit rate spatial audio codecs beyond 
the basic audio quality attribute, and ii) to characterize the perceptual effects introduced by low  
bit rate spatial audio codecs. Furthermore, the introductory chapter described the scope and 
established the boundaries o f  the research project reported in the thesis. The structure o f  the thesis 
was explained and the main original contributions o f  this research were summarized.
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7.1.3 Chapter 1
Chapter 1 provided an overview o f  the main principles behind perceptual audio coding system s as 
w ell as the characteristics o f  the m ost w idely used spatial audio coding systems.
It was found that the pioneering approaches taken in order to achieve data reduction in perceptual 
audio codecs relied mainly on psychoacoustic masking m odels o f  mono signals. Although  
relatively efficient, these methods could not always be considered adequate when applied to 
spatial audio system s. Thus, new techniques w ere developed in order to encode and decode the 
spatial information more efficiently.
Chapter 1 also reviewed the existing multichannel audio codecs in order to define and choose the 
most representative multichannel audio coding system s available for this research project. The 
main features and the applications o f  these codecs w ere discussed. It was found that the most 
representative multichannel audio codecs in terms o f  popularity and range coding schem es were: 
MPEG surround, Advanced Audio Coding (A AC ), MPEG 4 - High E fficiency Advanced Audio 
Coding (AACplus), D igital Theatre Sound (DTS), D olby A C-3, and W indows M edia Audio 
(W M A).
This chapter also discussed the known coding artefacts intrinsic to perceptual audio coding 
system s. It was found that a considerable number o f  coding artefacts have been identified by 
other researchers, but little has been done in order to determine their contribution to the basic 
audio quality o f  perceptual audio codecs. It was then concluded that there was a need for further 
experimentation aiming to quantify the contribution o f  known coding artefacts to the basic audio 
quality o f  low  bit rate spatial audio codecs.
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7.1.4 Chapter 2
Chapter 2 reviewed the current m ethodologies used to evaluate spatial audio codecs. It was found 
that two ITU-R standards are com m only em ployed to assess the performance o f  spatial audio 
coding systems: ITU-R B S .l 116 and ITU-R B S.1534. The former standard was m ainly employed  
in the early experiments whereas the latter one has been more w idely used in recent experiments.
A dditionally, Chapter 2 discussed the main tests performed by other researchers with the 
intention o f  assessing the performance o f  both two-channel stereo and multichannel audio codecs, 
hi all o f  the experiments described in Chapter 2, the only attribute used to assess the performance 
o f  the codecs w as basic audio quality (BAQ). BAQ  is a global attribute that accounts for all 
perceived differences between an unimpaired reference and the encoded and decoded stimuli. It 
was found that the approach o f  adopting exclusively the BAQ  attribute for assessing the overall 
performance o f  spatial audio codecs is not capable o f  providing information explaining the 
reasons for the perceptual performance o f  the codecs.
Chapter 2 also reviewed major elicitation experiments undertaken in the context o f  spatial audio 
evaluation. These studies aimed for the identification o f  attributes describing quality impairments 
related to spatial audio system s. It was found that none o f  the elicitation experiments reported in 
Chapter 2 were conducted with the intention o f  uncovering attributes related to the artefacts 
introduced by spatial audio coding system s. H ence, the possibility o f  adopting only the attributes 
uncovered in the experiments described in Chapter 2 was discarded as these attributes could  
possibly onimit important features that are specifically pertinent to spatial audio codecs. It was 
then concluded that elicitation experimental work was needed in order to uncover independent 
perceptual attributes describing the artefacts introduced by low  bit rate spatial audio codecs.
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7.1.5 Chapter 3
Chapter 3 reported a pilot study that w as conducted to investigate the relationship between four 
typical codec artefacts (band limiting effect, ‘birdies’, pre-echo and spatial distortions) and basic 
audio quality in low  bit rate two-channel stereo codecs. This was done by means o f  a two-part 
study (first experiment and validation experiment).
The results obtained in  both experiments reported in Chapter 3 revealed that the basic audio 
quality ratings could be predicted with relative accuracy, as the model proposed in the first 
experiment was capable o f  predicting 92% o f  variance o f  the BAQ  scores whereas the model 
developed in the validation experiment was capable o f  predicting 96% o f the BAQ  scores.
The results obtained for the predicted basic audio quality in both experiments revealed that -  
although not necessarily in this order -  band lim iting effect and pre-echo can be classified as the 
attributes that most contributed to the BAQ  whereas ‘birdies’ and spatial distortions w ere the ones 
that contributed the least to the BAQ  o f  the audio codecs used in that experiment.
7.1.6 Chapter 4
Chapter 4 described an experiment that was conducted in order to quantify the contribution o f  
fidelity attributes (timbral fidelity, frontal spatial fidelity, and surround spatial fidelity) to the 
basic audio quality o f  low  bit rate multichannel audio codecs.
The results obtained for the predicted basic audio quality revealed that the attribute that most 
contributed to the overall basic audio quality o f  the surround sound codecs used in this study was
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timbral fidelity, follow ed by surround spatial fidelity. Frontal spatial fidelity w as considered 
statistically non-significant. The correlation between the predicted and the actual basic audio 
quality scores presented a coefficient in the order o f  0.97 with an average error o f  prediction o f  
approximately 4%, w hich demonstrated the accuracy o f  the model proposed in this chapter 
concerning its prediction capabilities.
Additionally, the study reported in Chapter 4 revealed that strong correlation levels were found 
between the scores obtained for all assessed attributes. It was found that the reason for these high 
coefficients was that the typical distortions introduced by low  bit rate multichannel audio codecs 
are not perceptually orthogonal (independent). Several coding artefacts are affected at the same 
time, such as a band limiting effect and a narrowing o f  the original spatial image.
7.1.7 Chapter 5
Chapter 5 reported experimental work based on the M ultidimensional Scaling (M D S) technique 
that was conducted in order to uncover perceptually salient dimensions describing the distortions 
introduced by low  bit-rate surround sound codecs.
A solution w ith two perceptually salient dim ensions w as established in the M DS model 
developed in the study reported in Chapter 5. D im ension 1 was associated with timbral features 
o f  the stimuli whereas D im ension 2 w as related to spatial aspects o f  the codecs used in the 
experiment reported in Chapter 5.
The overall importance o f  each dim ension was quantified. D im ension 1 (timbral) accounted for 
54% o f  the total variance whereas D im ension 2 (spatial) explained 17% o f  variance o f  the data
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obtained in that study. It can be then assumed that the perceptual changes along D im ension 1 
w ere more pronounced than the ones along D im ension 2.
7.1.8 Chapter 6
Chapter 6 described an experiment based on the Repertory Grid Technique (RGT) method that 
was conducted in order to identify independent perceptual attributes that describe the artefacts 
introduced by low  bit rate surround sound codecs.
Four independent perceptual attributes were identified in the study reported in Chapter 6. These 
were:
• ‘Coding and high frequency n o ise’.
•  ‘Spatial image clarity’,
•  ‘Scene w idth’
•  ‘Tone colour’.
The overall importance o f  each attribute was indicated based on the variance explained by each o f  
the attributes. The total o f  the variance explained by the identified independent perceptual 
attributes uncovered in the experiment reported in Chapter 6 was: ‘coding and high frequency 
n o ise’ 48.8% , ‘spatial image clarity’ 9.6%, ‘scene w idth’ 6.7%, and ‘tone colour’ 4.4%.
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7.1.9 Relative Merits of the Different Methods Used in this Research 
Project
Different methods were used in the experimental work reported in this thesis. The relative merits 
o f  these methods are discussed in the next paragraphs.
The methods em ployed in the studies described in Chapters 3 and 4 were based on ‘provided 
attributes’. The participants w ere asked to analyze the attributes provided by the experimenter. 
These approaches can be effective, especially i f  the aim o f  the experiment is to determine the 
relationship between perceptual attributes. However, the use o f  given attributes is not sufficient to 
provide a detailed description o f  the distortions introduced by low  bit rate spatial audio codecs, 
since the participant is not able to describe what aspects o f  the timbral fidelity, for instance, are 
affecting the stimuli under analysis.
Approaches such as the ones reported in Chapters 5 and 6 (M DS and RGT respectively) are more 
exploratory. N o prior assumptions are made about what the listener can or should consider 
important. Hence, the assessor can freely describe what he or she perceives. This allows for a 
discovery o f  the underlying structure o f  the percepts and therefore provides a more thorough 
description o f  the perceptual effects introduced by low bit rate spatial audio codecs. However, 
these approaches tend to generate substantial verbal data. Although there are a number o f  
statistical methods that are com m only used to analyse this type o f  data, the experimenter at som e 
stage in  the process has to make his or her own decisions regarding the meaning o f  the data. The 
data analysis procedures o f  this sort o f  approaches are not as sim ple as the ones that are 
com m only used in experiments that em ploy ‘provided attributes’.
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N o attempt is going to be made here in order to define w hich is the best method for characterizing 
the perceptual effects introduced by low  bit rate spatial audio codecs. However, som e 
considerations can be made concerning the suitability o f  the approaches used in this research 
project. The methods em ployed in the two fust experiments o f  the project can be more suitable 
for providing a quick response or a first indication o f  the perceptual effects related to spatial 
audio coding system s whereas the approaches taken in the last two studies o f  the project -  despite 
being more time consum ing -  can be appropriate for experiments that aim to provide a more 
detailed characterization o f  the perceptual effects introduced by low  bit rate spatial audio codecs.
7.2 Future Work
A s delineated in Section 0.2, the main aims o f  this research project were: i) to explore the sonic 
performance o f  low  bit rate spatial audio codecs beyond the basic audio quality attribute, and ii) 
to characterize the perceptual effects introduced by low  bit rate spatial audio codecs. A  series o f  
experiments was then conducted with the intention o f  achieving the aforementioned aims. 
Concomitantly with the results obtained in the experimental work described in this thesis, a 
number o f  possible future tasks have arisen. These tasks describe som e future work that may lead 
to more precise conclusions concerning the perceptual effects introduced by low  bit rate spatial 
audio codecs. The follow ing sections provide an explanation about the future work proposed for 
this research project.
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7.2.1 Contribution of Other Artefacts to the BAQ of Low Bit Rate 
Spatial Audio Codecs
A s aforementioned, the study reported in Chapter 3 described an experiment that was conducted 
to quantify the contribution o f  four selected artefacts (band limiting effect, ‘birdies’, pre-echo, 
and spatial distortions) to the basic audio quality o f  low  bit rate two-channel stereo codecs. Due  
to tim e constraints, only four artefacts were analyzed in that study. However, as described in 
Chapter 1 (see Table 1-2), more than ten artefacts intrinsic to low  bit rate codecs have been 
identified by other researchers. Additionally, som e independent perceptual attributes describing 
the artefacts introduced by low  bit rate multichannel audio codecs were uncovered in this research 
project (see Chapter 6). Thus, it w ould be a valuable approach to quantify the contribution o f  
other known coding artefacts to the BAQ  o f  low  bit rate spatial audio codecs. This would  
possibly provide more thorough results concerning the contribution o f  known coding artefacts to 
the BAQ  o f  low  bit rate spatial audio coding systems.
7.2.2 Application of the Identified Independent Perceptual Attributes
Four independent perceptual attributes were identified in the experiment reported in Chapter 6. 
These w ere ‘coding and high frequency noise’, ‘spatial image clarity’, ‘scene w idth’, and ‘tone 
colour’. A next step in that study w ould be to construct assessm ent scales based on the above 
attributes and to apply them to subjective listening tests w hich would com plem ent a typical BAQ  
scale. This approach w ould not only make it possible to find out why certain codecs perform 
better than others but w ould also allow for a better characterisation o f  the codecs. However, the 
validity o f  the extra scales would have to be checked in further experimental work.
188
7.2.3 Employment of Other Elicitation Techniques
A s reported in Section 2.6 many different elicitatiou techniques have been em ployed by audio 
researchers when aiming to extract independent perceptual attributes from a group o f  stimuli. The 
experiment described in Chapter 6 reported an experiment in w hich the Repertory Grid 
Technique (RGT) was used in order to identify the four aforementioned independent perceptual 
attributes describing the distortions introduced by low  bit rate multichannel audio codecs. It 
w ould be a valuable approach to em ploy other elicitation methods using the same stimuli in order 
to ensure the validity o f  the independent perceptual attributes uncovered in this research project. 
Quantitative Descriptive A nalysis (Q DA ), for instance, could be employed. A s aforesaid, in QDA  
the participants agree in a number o f  com m on scales and rate them.
7.3 Summary (restatement of the contributions to the field)
This thesis has described experimental work that intended to explore the sonic performance o f  
low  bit rate spatial audio codecs beyond the basic audio quality attribute and characterize the 
perceptual effects introduced by low  bit rate spatial audio coding systems. The contributions o f  
this research are restated in the next paragraphs.
The contributions o f  four selected artefacts (band limiting effect, ‘birdies’, pre-echo and spatial 
distortions) to the basic audio quality o f  low  bit rate two-channel stereo audio codecs was 
determined. It was found that band limiting effect and pre-echo affected the B A Q  o f  the codecs 
more than ‘birdies’ and spatial distortions.
Chapter 7: Summary, Conclusions and Future Work
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The contributions o f  timbral fidelity, frontal spatial fidelity and surround spatial fidelity to the 
basic audio quality o f  low  bit rate surround sound codecs was quantified. It was found that the 
basic audio quality o f  low  bit rate multichannel audio codecs was more affected by timbral 
fidelity rather than by the spatial attributes.
It was also found that the quality impairments introduced by low  bit rate multichannel audio 
codecs are not perceptually orthogonal (independent). Several coding artefacts are affected at the 
sam e time, such as band limiting effect and a narrowing o f  the original spatial image.
Two perceptually salient dim ensions describing the artefacts introduced by low  bit rate surround 
sound codecs w ere identified. One o f  these dim ensions was labelled as timbral and the other one 
w as labelled as spatial. The overall importance o f  the dim ensions was quantified and was found 
that the timbral dim ension was more important than the spatial one.
Four independent perceptual attributes were identified and labelled in an experiment that aimed to 
identify independent perceptual attributes describing the degradations introduced by low  bit rate 
surround sound codecs. A s aforesaid, the independent perceptual attributes uncovered were: 
‘coding and high frequency n o ise’, ‘spatial image clarity’, ‘scene width’, and ‘tone colour’. The 
overall importance o f  each o f  the independent perceptual attributes identified was quantified. It 
was found that ‘coding and high frequency n oise’ was the attribute with the highest overall 
importance, follow ed by ‘spatial image clarity’, ‘scene w idth’ and ‘tone colour’.
Based on the outcom es o f  the experimental work conducted in the scope o f  this thesis, a number 
o f  recommendations can be made for codec manufactures or researchers in the audio coding field. 
These are outlined in the next section.
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7.3.1 Recommendations for Codec Manufacturers and Researchers 
in the Audio Coding Field
The outcom es o f  all experiments performed within the scope o f  this thesis indicated that timbral 
aspects o f  audio performance o f  low  bit rate spatial audio codecs are more important in terms o f  
perceptual changes than the spatial ones. This importance was quantified in terms o f  the 
contribution to the BAQ  scores (Chapters 3 and 4) or total variance o f  the data (Chapters 5 and 
6). Thus, i f  codec developers have to optimise the performance o f  the codecs, they should  
prioritize timbral aspects o f  sound quality over spatial ones.
The pilot study reported in Chapter 3 revealed that two o f  the coding artefacts assessed in that 
study can be considered ‘strong’ (band limiting effect and pre-echo) w hile two o f  them can be 
classified as ‘w eak’ ( ‘birdies’ and spatial distortions) in terms o f  their effect on basic audio 
quality. Based on these findings, codec designers when developing a new  system  should, for 
instance, aim to avoid artefacts related to band limiting effect and pre-echo in theft systems.
The results o f  the experiment reported in Chapter 4 denoted that the basic audio quality scores o f  
that study were more dependent on timbral fidelity rather than on the spatial attributes. Therefore, 
developers o f  multichannel coding system s could benefit from this information in the sense that, 
in case that they need to make a choice, they should sacrifice the spatial fidelity o f  theft codecs 
rather than comprom ising the timbral fidelity o f  the their coding systems.
The experiment reported in Chapter 5 identified two perceptually salient dimensions: a timbral 
one and a spatial one. Researchers in the audio coding field could adopt these two identified
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perceptually salient dim ensions as subjective listening test scales in order to assess the 
performance o f  low  bit rate spatial audio codecs.
Four independent perceptual attributes w ere uncovered in the study described in Chapter 6. 
‘Coding and high frequency n o ise’, ‘spatial image clarity’, ‘scene w idth’, and ‘tone colour’. A s 
for the perceptually salient dim ensions identified in the experiment reported in Chapter 5, audio 
coding researchers could construct scales based on these four independent perceptual attributes 
and em ploy them in the assessm ent o f  the performance o f  low  bit rate spatial audio codecs.
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Appendix A: Results Obtained for the Direct Attributes Used in 
the Pilot Study Reported in Chapter 3
A1 — Results Obtained in the First Experiment
A1.1 -  Band limiting effect
Band limiting effect by Audio Process
BL2 Pre-echol Sdl co2 Ref
Birdiesl Pre-echo2 Sd2 co3
Audio Process
Error Bare show 95.0% G1 o f Mean
Figure A -l Means and associated 95% confidence intervals o f  the results for band limiting effect 
by audio process (scores averaged across programme material)
193
Appendix A: Results Obtained for the Direct Attributes Used in the Pilot Study Reported in
Chapter 3
A1.2 -  Birdies
Birdies by Audio Process
BL2 Pre-echo1 Sdl co2 Ref
Birdiesl Pre-echo2 Sd2 co3
Audio Process 
E rro r Bars s how 95.0% GI o f Mean
Figure A -2 M eans and associated 95% confidence intervals o f  the results for birdies by audio 
process (scores averaged across programme material)
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A1.3 -  Pre-echo
Pre-echo by Audio Process
BL2 Pre-echol Sell co2 Ref
Birdiesl Pre-echo2 Sd2 co3
Audio Process 
E rro r Bars show 95.0% C l o f  Mean
Figure A-3 M eans and associated 95% confidence intervals o f  the results for pre-echo by audio 
process (scores averaged across programme material)
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A1.4 -  Spatial distortions
Spatial distortions by Audio Process
BL2 Pre-echol Sdl co2 Ref
Birdiesl Pre-echo2 Sd2 co3
Audio Process
Error Bare show 95.0% Gl o f Mean
Figure A-4 M eans and associated 95% confidence intervals o f  the results for spatial distortions by 
audio process (scores averaged across programme material)
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A2 -  Results Obtained in the Validation Experiment
A2.1 -- Band limiting effect
Band limiting effect by Audio Process
BL2 Birdies2 Pre-echo2 Sd1 Ref
Audio Process 
E rror Bare show 95.0% Gl o f Mean
Figure A -5 Means and associated 95% confidence intervals o f  the results for band limiting effect 
by audio process (scores averaged across programme material)
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A2.2 -  Birdies
Birdies by Audio Process
BL2 Birdies2 Pre-echo2 Sd1 Ref
Audio Process
E rror Bars show 95.0% Gl o f Mean
Figure A-6 M eans and associated 95% confidence intervals o f  the results for birdies by audio 
process (scores averaged across programme material)
198
Appendix A: Results Obtained for the Direct Attributes Used in the Pilot Study Reported in
Chapter 3
A2.3 -  Pre-echo
Pre-echo by Audio Process
BL2 Birdies2 Pre-echo2 Sell Ref 
Audio Process
E rror Bars s how 95.0% GI o f Mean
Figure A -7 M eans and associated 95% confidence intervals o f  the results for pre-echo by audio 
process (scores averaged across programme material)
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A2.4 — Spatial distortions
Spatial distortions by Audio Process
BL2 Birdies2 Pre-echo2 Sd1 Ref
Audio Process 
E rror Bars show 95.0% Cl o f Mean
Figure A -8 M eans and associated 95% confidence intervals o f  the results for spatial distortions by 
audio process (scores averaged across programme material)
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Appendix B: Attributes Used in the Experiment Reported in 
Chapter 4
Four attributes were assessed in the experiment that aimed to unravel the relationship between  
basic audio quality and fidelity attributes (timbral fidelity, frontal spatial fidelity and surround 
spatial fidelity) in multichannel audio codecs. These are described below  along with the 
instructions given to the participants o f  the cited study.
B1 -  Basic Audio Quality
During this test, please evaluate the basic audio quality o f  the test examples. B asic audio quality 
(BA Q ) is defined as the global attribute that describes any and all detected differences between  
the reference and the evaluated excerpt. For example, this m ay include:
•  D ifferences in timbre,
•  D ifferences in spatial characteristic,
•  D ifferences in number o f  active channels,
•  Balance,
•  D ynam ic range,
•  Changes in front image,
•  Changes in localisation o f  audio sources,
•  Changes in envelopment,
• Occurrence o f  any type o f  linear and/or non-linear distortion,
• A ny kind o f  noise and distortion,
• Distortion caused by com pression algorithms,
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•  Phase distortion,
•  Etc.
Table B -l can be used as the basis for your evaluation. This table is derived from the MPEG  
document nr. 685 and it was used in the E BU  evaluations o f  multichannel audio codecs in 2007  
(M ason et a l 2007). The grading scale is continuous from “Bad” to “Excellent” (see Figure B -l) .  
A  grade o f  100 indicates that the basic audio quality is exactly the same as the reference 
recording. A t least one recording M UST be given a grade o f  100 because the reference recording 
is included on each page.
Artefact Category Explanation
Signal correlated noise Coloured noise associated  
with the signal
Loss o f  high frequency Lack o f  high frequencies, dull 
sound
Periodic modulation effects Periodic variations such as 
warbling or pumping
Temporal distortion Pre and post echoes, smearing, 
effects associated with  
transients
Distortion Harmonic or inharmonic 
distortion
Loss o f  low  frequency Lack o f  low  frequencies
Spatial image quality A ll aspects including 
. narrowing, spreading, 
movem ent, stability and audio 
objects remaining in their 
original position
Distortion in high frequencies Distortion in the high 
frequencies, including phase 
distortions
Table B -l Artefact category and explanation used in the basic audio quality part o f  the 
experiment with fidelity attributes
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page: 116 Please assess the Basic Audio Quality.
Now Playing: o f f  Reference j
A) ^  Cj i )  i  Z) Gj Hj
£  £  
Stop j
£ £ £
Save & |
Next»  J
Figure B -l Grading scale and user interface o f  the basic audio quality part o f  the experiment with
fidelity attributes
B2 -  Timbral Fidelity
Please evaluate the timbral fidelity o f  the sound recordings labelled A, B, C, D, E, F, G, H (see 
Figure B-2 below). Please do your grading o f  each recording by taking into account o f  the timbral 
changes only. Please IGNORE any spatial changes in the sound reproduction. The grading scale 
(see Figure B-2) ranges from “High Fidelity” to “Low Fidelity’” . One or more recordings M UST  
be given a grade o f  100 because the reference recording is included at least once on each page.
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page : 1/6 Please assess the Timbral Fidelity.
Now Playing: o f f  Reference j
A j BJ C l D j E l F j Q ) H I
'v       S« I "—-ill II — - J  - j
High
Fidelity
Low  
F id e lity ,
£ £ £ £ £  £
Stop ) Save & )Next»  J
Figure B-2 Grading scale and user interface o f  the timbral fidelity part o f  the experiment with
fidelity attributes
B3 -  Frontal Spatial Fidelity
Please evaluate the frontal spatial fidelity o f  the sound recordings labelled A, B, C, D, E, F, G, H 
(see Figure B-3). Please do your grading o f  each recordings by taking into account the changes in 
the ‘spatial im pression’ inside the frontal arc (between the left and right loud speakers) the 
reference and test recording (see Figure B-4). Please IGNORE any timbral changes and any 
spatial changes outside the frontal arc.
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The grading scale (see Figure B -3) ranges from “High Fidelity” to “Low Fidelity”. One or more 
recordings M UST be given a grade o f  100 because the reference recording is included at least 
once on each page.
p a g e : 116 please assess the Frontal Spatial Fidelity. 
Now Playing: o f f  Reference j
High
Fid e lity
Low  
F id e lity ,
D l E j  F j  0 )  HN%ii ^    ^   ^  V-  -J*
E Ei £  E E E E 
Stop j Save & Next»
Figure B-3 Grading scale and user interface o f  the frontal spatial fidelity part o f  the experiment
with fidelity attributes
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Figure B-4 Frontal arc demonstration used in the frontal spatial fidelity part o f  the experiment
with fidelity attributes
Changes in frontal spatial fidelity o f  the recordings may include alterations in:
•  Image width,
•  Image depth,
•  Ensemble width,
•  Ensemble depth,
•  Source distances,
•  Source widths,
•  Source depths,
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•  Source focuses,
•  Source locations etc.
B 4 - Surround Spatial Fidelity
Please evaluate the surround spatial fidelity o f  the sound recordings labelled A , B, C, D , E, F, G, 
H  (see Figure B -5). Please do your grading o f  each recordings by taking into account the changes 
in the ‘spatial im pression’ outside the frontal arc (not between the left and right loud speakers) the 
reference and test recording (see Figure B -6). Please IGNORE any timbral changes and any 
spatial changes inside the frontal arc. The grading scale (see Figure 1) ranges from “High 
Fidelity” to “Low Fidelity”. One or more recordings M U ST be given a grade o f  100 because the 
reference recording is included at least once on each page.
Appendix B: Attributes Used in the Experiment Reported in Chapter 4
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PAGE: 1/6 Please assess the Surround Spatial Fidelity.
Now Playing: OFF ■ Reference j
A J B j C j D j E j F j  G j H )
 ^ >fc»*   ^ n*S  ✓ W. V   
High
Fidelity
Low
Fidelity
E j E i E l
Stop j Save & Next»
Figure B-5 Grading scale and user interface o f  the surround spatial fidelity part o f  the experiment
with fidelity attributes
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Angle outside the frontal arc
Figure B-6 Non-frontal arc demonstration used in the frontal spatial fidelity part o f  the 
experiment with fidelity attributes
Changes in surround spatial fidelity o f  the recordings may include alterations in:
•  Room or environment impression,
•  Envelopment,
•  Source locations,
•  Source focuses,
•  Source depths,
•  Source widths,
•  Source distances etc.
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Reported in Chapter 4 
C1 — Hidden Reference Discrimination
In the instructions given to the listeners for all the four attributes analyzed, it was informed that 
one or more excerpts should be given a grade o f  100, as the hidden reference w as included among 
the test stimuli. In order to assess the reliability o f  the assessors in discriminating the hidden 
reference, the scores given for the aforementioned stimulus were analyzed separately for each  
listener.
The scores o f  listener 11 were rem oved from the basic audio quality data set. This w as due to the 
fact that he or she could not discriminate the unprocessed items in two or more instances (Figure 
C -l) . The same procedure was em ployed to eliminate the scores o f  listener 7 for the timbral 
fidelity attribute (Figure C-2) and listeners 13 and 14 for frontal spatial fidelity (Figure C-3).
2 1 0
Appendix C: Post Screening Procedure of the Experiment Reported in Chapter 4
Hidden Reference Discrimination
Basic Audio Quality
90-
80-
70-
60-
o
<  50-
0Q
40-
30-
20-
10-
Figure C -l B ox plots show ing the hidden reference assessm ent o f  the basic audio quality part o f
the experiment w ith fidelity attributes
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Listener
Figure C-2 B ox  plots show ing the hidden reference discrimination assessm ent o f  the timbral 
fidelity part o f  the experiment with fidelity attributes
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Hidden Reference Discrim ination
Frontal Spatial Fidelity
90 '
80 '
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■*5
Li­ 6 0 ’
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c
© 30'
LL.
20 '
10'
t—i—i—i—i—i—i—i—i—i—i—i—r 
3 4 5 6 7 8 6 10 11 12 13 14 15
Listener
Figure C-3 B ox  plots show ing the hidden reference discrimination assessm ent o f  the frontal 
spatial fidelity part o f  the experiment with fidelity attributes
C2 — Intra-Listener Consistency
In order to assess the intra-listener consistency, som e repetition excerpts were included among the 
audio stimuli presented in the test. These were the hidden reference, the hidden anchor, and the 
spatial anchor (see Table 4-2). For each assessor, an analysis o f  variance (A N O V A ) was 
performed and the mean square error was used to compute the root mean square error (RMSE). 
The RM SE was then used to measure the intra-listener consistency. A sm all RM SE number 
indicates better consistency whereas a large RM SE value can denote inconsistencies. A  threshold 
o f  10% was used to identify inconsistent assessors. This threshold was adopted here since this is 
the typical listener error observed in other tests o f  a similar nature (Rumsey 1998).
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Subject 10 presented an RMSE o f  more than 10% for the basic audio quality attribute and 
therefore his or her scores were removed from this data set (Figure C-4). The same procedure was 
adopted for assessors 1 and 12 who had their scores removed from the data set o f  the timbral 
fidelity attribute (Figure C-5).
Figure C-4 Intra-listener consistency assessment o f  the basic audio quality part o f  the experiment
with fidelity attributes
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Timbral Fidelity
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Listener
Figure C-5 Intra-listener consistency assessment o f  the timbral fidelity part o f  the experiment
with fidelity attributes
C3 -  Inter-Listener Consistency
An inter-listener consistency assessm ent was carried out in order to verify how each subject used 
the scales in comparison to the other assessors. The correlation between the scores o f  a particular 
listener and the mean scores averaged across the remaining participants was examined. For all 
attributes analyzed (basic audio quality, timbral fidelity, frontal spatial fidelity and surround 
spatial fidelity) the correlation coefficients found revealed that the listeners used the test scales in 
a similar manner. Therefore no scores were removed on the basis o f  the inter-listener 
inconsistency.
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the Experiment Reported in Chapter 4
D1 -  Results Obtained for Timbral Fidelity
Timbral Fidelity by Audio Process
CodecA CodecC CodecE CodecG Coded SA
Process
E rror Bare show 95.0% Cl o f Mean
Figure D -l M eans and associated 95% confidence intervals o f  the results for timbral fidelity by 
audio process (scores averaged across programme material)
215
Appendix D: Results Obtained for the Fidelity Attributes Used in the Experiment Reported in
Chapter 4
D2 -  Results Obtained for Frontal Spatial Fidelity
Frontai Spatial Fidelity by Audio Process
CodecA CodecC CodecE CodecG Coded SA
Process 
Error Bars show 95.0% C l o f  Mean
Figure D -2 M eans and associated 95% confidence intervals o f  the results for frontal spatial 
fidelity by audio process (scores averaged across programme material)
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D3 — Results Obtained for Surround Spatial Fidelity
Surround Spatial Fidelity by Audio Process
CodecA CodecC CodecE CodecG Coded SA
Process 
E rro r Bars show 95.0% G1 o f Mean
Figure D-3 Means and associated 95% confidence intervals o f  the results for surround spatial 
fidelity by audio process (scores averaged across programme material)
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Appendix E: Instructions Given to the Listeners in the 
Dissimilarity Test Part of the Experiment Reported in Chapter 5 
E1 -  Dissimilarity Test
Please evaluate the similarity o f  the sound recordings labelled A and B (see Figure E -l below). 
The grading scale ranges from “Most Similar” to “Most Different”.
Figure E -l Grading scale and user interface o f  the dissimilarity test part o f  the M DS experiment
TRIAL: 1 /200
H ow  s im ila r  a re  th e se  tw o  sounds?
Most Similar (J Most Different
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F1 — Verbalisation Part
Please describe the perceived differences between the sound recordings labelled A and B (see 
Figure F-1 below). U se the appropriate sheets to describe any perceived differences between 
recordings A and B. The way you are going to approach this task is entirely up to you. As an
example, you can use sentences such as “B i s ______________compared to A or vice-versa”. Please
try to describe ALL AUDIBLE DIFFERENCES and exhaust all the possibilities o f  a trial 
before m oving to the next one.
Appendix F: Instructions Given to the Listeners in the Verbalisation Part of the Experiment
Reported in Chapter 5
TRIAL: 1 /200
How sim ilar are th e se  tw o so u n d s?
Most Similar Most Different
Save& 
Next» j
Figure F-l User interface o f  the verbalisation part o f  the M DS experiment
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Appendix G: Original List of Terms Obtained in the Interpretation 
of Dimensions Experiment Reported in Chapter 5
G1 -  Original List of Terms Obtained for Dimension 1
O riginal N um ber o f
elicited term s O ccurrences
Bubbling 2
Birdies 2
More in head l
Spaciousness compromised l
Width increase l
Lacks HF l
Less spacious l
Coding noise l
HF loss I
Less HF components l
Darker l
More enveloping 1
Thunderstorm like distortion 1
HF compressed 1
Less energy at HF 1
Broadband noise 1
Table G -l Original list o f  terms obtained for Dimension l
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G1.1 -  Grouping of the Terms Obtained for Dimension 1
A s delineated in Chapter 5, the grouping o f  the terms was done by the follow ing procedure. 
Firstly, the elicited terms that were homonym s or synonym s were grouped. After that, the elicited  
terms with similar meanings were also grouped. This procedure w as done separately for each 
dimension.
The terms ‘bubbling’, ‘coding noise’, ‘thunderstorm like distortion’, and ‘broadband noise’ were 
grouped.
The terms Tacks H F’, ‘HF lo ss’, ‘less HF com ponents’, ‘less energy at H F’, ‘HF com pressed’, 
and ‘darker’ were grouped.
The terms ‘less spacious’ and ‘spaciousness com prom ised’ were grouped.
Figure 5-5 show s the terms obtained for D im ension 1 after the grouping process.
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G2 -  Original List of Terms Obtained for Dimension 2
O riginal N um ber o f
elicited term s O ccurrences
M ore enveloping 2
Better spatial definition 2
M ore spacious 2
Less frontally focused 1
More phasy 1
Better spatial image 1
Spatial increase 1
Brighter 1
M uch brighter 1
More brightness 1
Less birdies 1
Table G-2 Original list o f  terms obtained for D im ension 2 
G2.1 -  Grouping of the Terms Obtained for Dimension 1
The terms were grouped follow ing the same procedure described in Section G 1. 1.
The terms ‘better spatial definition’, ‘more spacious’, and ‘spatial increase’ w ere grouped.
The terms ‘much brighter’, ‘much brighter’, and ‘more brightness’ were grouped. Figure 5-6 
show s the terms obtained for D im ension 2 after the grouping process.
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Appendix H: Stimulus Coordinates of Dimensions 1 and 2 of the 
Experiment Reported in Chapter 5
Stim ulus
N am e
D im ension  
1 2
R ef 0.76 -0.35
ob2 0,61 -0.48
ob3 0.51 -0.48
ob4 0.60 -0.25
ob5 0.14 1.15
ob6 0.14 1.26
ob7 0.45 1.23
ob8 0.45 -0.64
ob9 0.58 -0.38
oblO 0.66 -0.27
o b l l 0.49 0.75
o b l2 0.70 -0.08
o b l3 -2.18 1.52
o b l4 0.67 -0.39
o b l5 0.69 -0.32
o b l6 0.11 1.16
o b l7 -0.99 -2.13
o b l8 -1.44 -1.75
o b l9 -2.78 -0.81
ob20 -0.17 1.26
Table H -l Stimulus coordinates o f  D im ensions 1 and 2 o f  the experiment reported in Chapter 5
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11 -  Elicitation Part
Please describe the perceived differences between the sound recordings labelled A and B (see  
Figure I-1 below). Do this by using at least a pair o f  opposite words or expressions (you can 
actually use as many as you want). The way you are going to approach this task and the words 
that you are going to use are entirely up to you. A s an example you can use opposite words such 
as bright and dark or wide and narrow. Do the same for each stimulus pair until you cannot come 
up with any more expressions
Appendix I: Instructions Given to the Listeners in the Elicitation Part of the Experiment Reported in
Chapter 6
TRIAL: 1 /45
In which way are th ese  two sounds different from each other?
Click here to type your answ ers
Save & 
Next» j
Figure 1-1 User interface o f  the elicitation part o f  the RGT experiment
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J1 — Rating Part
Please rate the sound recordings labelled A, B, C, D, and E (see Figure J-l below). The sentence 
“These sounds have or are:” refers to the two terms that are on the top and bottom o f  both sides o f  
the scale. The grading scale (see Figure J -l)  ranges from the term on the top o f  the scale (i.e. 
More enveloping) to the other one on the bottom o f  the scale (i.e. Less enveloping).
page: -  /36 These Sounds have or are:
Appendix J: Instructions Given to the Listeners in the Rating Part of the Experiment Reported in
Chapter 6
Now Playing: OFF
More enveloping
Less enveloping
A ] B) C I D l E )•— -V  j  .——v <—..</ ■'.I,, ,✓
More enveloping
Less enveloping
Stop Save& Next» J
Figure J-l User interface o f  the rating part o f  the RGT experiment
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K1.1 -  Constructs described by subject 1
Appendix K: Original List of Constructs Obtained ill the Experiment Reported in Chapter 6
O riginal pairs o f  constructs
Duller Brighter
Distorted Undistorted
Unnatural Natural
Narrow bandwidth W ide Bandwidth
Birdies N o birdies
Bubbling N o bubbling
Spatially Unbalanced Spatially balanced
Compressed Uncompressed
Table K -l Original pairs o f  constructs described by subject 1
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K1.2 -  Constructs described by subject 2
O riginal pairs o f  constructs
L oss o f  high  
frequencies
N o loss o f  high 
frequencies
Distortion noise N o distortion noise
Narrower image Wider image
Blurred image Focused image
Birdies N o birdies
W orse envelopm ent Better envelopment
Spatial m ode change N o spatial mode 
change
Out o f  phase In phase
Table K-2 Original pairs o f  constructs described by subject 2
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K1.3 -  Constructs described by subject 3
Original pairs o f constructs
Dark Bright
Narrow W ide
Less HF M ore HF
Unnatural Natural
Less enveloping M ore enveloping
Birdies N o birdies
Distortion in rear N o distortion in rear
Phasy Unphasy
Image blurred Image focused
Thunder like 
distortion
N o thunder like 
distortion
Change in location N o change in location
Table K-3 Original pairs o f  constructs described by subject 3
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K1.4 — Constructs described by subject 4
O riginal pairs o f  constructs
Dull Bright
Birdies N o birdies
Less enveloping M ore enveloping
Out o f  phase In phase
Ringing N o ringing
Spectrally coloured Spectrally flat
Narrow W ide
Distant C lose
Highly correlated H ighly decorrelated
Temporarily smeared N ot temporarily 
smeared
Table K-4 Original pairs o f  constructs described by subject 4
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K1.5 -  Constructs described by subject 5
O riginal pairs o f  constructs
Out o f  phase In phase
Narrow W ide
Less HF content More HF content
Birdies N o birdies
Coding noise N o  coding noise
Waterish sound N o waterish sound
B low ing N o blowing
Band pass filtered N ot band pass filtered
N ot enveloping Enveloping
Flat D eep
N ot sievy sievy
Spiky Rounded
Table K-5 Original pairs o f  constructs described by subject 5
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K1.6 — Constructs described by subject 6
O riginal pairs o f  constructs
Dark Bright
Distant C lose
Chirpy N ot chirpy
N oisy Less noisy
Narrow W ide
M echanical Natural
Heavier Lighter
Distorted Clean
Unstable Stable
Inclined to side W idespread
Table K-6 Original pairs o f  constructs described by subject 6
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K1.7 — Constructs described by subject 7
O riginal pairs o f  constructs
Narrow W ide
Birdies N o  birdies
Further away Close
Less enveloping M ore enveloping
M uffled Clear
Temporal smearing N o temporal smearing
M ore HF Less HF
Inside head Outside head
Unstable image Stable image
Sw ooshing noise Clear
L ess LF M ore LF
Table K-7 Original pairs o f  constructs described by subject 7
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K1.8 -  Constructs described by subject 8
O riginal pairs o f  constructs
M ore fuzzy L ess fuzzy
Narrow W ide
Rear heavy Front heavy
Rough Smooth
Temporarily blurred N ot temporarily 
blurred
Distant Close
M uffled Bright
Less stable More stable
Left heavy Balanced
M ore hissy Less hissy
More artificial pitch 
components
Less artificial pitch 
components
Less enveloping M ore enveloping
Less natural M ore natural
Less bassy M ore bassy
D ense Spread
Table K-8 Original pairs o f  constructs described by subject 8
233
Appendix K: Original List of Constructs Obtained in the Experiment Reported in Chapter 6
K1.9 -  Constructs described by subject 9
O riginal pairs o f  constructs
More fluttery artefacts Fewer fluttery 
artefacts
More tonal artefacts Fewer tonal artefacts
Less enveloping More enveloping
Blurred image Clear image
Narrower bandwidth W ider bandwidth
Narrower image W ider image
More burbly Less burbly
M ore midly Less midly
More restricted Less restricted
Less evenly  
positioned
M ore evenly  
positioned
Less evenly balanced M ore evenly balanced
Less spacious M ore spacious
Image more to rear Image more to front
More grungy L ess grungy
Surround more 
distorted
Surround less 
distorted
Table K-9 Original pairs o f  constructs described by subject 9
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Glossary
This glossary section w ill define the meanings o f  abbreviations and som e o f  the specialised terms 
as used within the context o f  this thesis.
Abbreviations and Terms
5.1 Surround Sound
According to Holman (2000), 5.1 surround sound is a sound reproduction format o f  five 
channels that conform to the 3/2 Stereo format (ITU-R 1992-1994), with an additional 
low  frequency effects (LFE) channel that is normally used for reproduction by a 
subwoofer,
AAC
Advanced A udio Coding.
AACplus
Another name for MPEG 4 - H igh E fficiency Advanced Audio Coding (HE-AAC).
AC-3
Another name for D olby AC-3.
AES
A udio Engineering Society.
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Attribute
A  perceived characteristic o f  a stimulus that can be used to describe this stimulus.
Pitch and loudness are examples o f  w ell-know n auditory attributes o f  a soimd stimulus.
BAQ
B asic Audio Quality.
BCC
Binaural Cue Coding.
Construct
A ccording to Dimantopoulos and Schlegelm ilch (1997), constructs are concepts that are 
created from abstractions formed from observations from particular happenings. A  
construct can describe a single and imique characteristic o f  a perceived sound.
Elem ents
According to K elly (1955), elem ents are concrete examples that represent the topic or 
domain that the experimenter w ishes to explore in an RGT based study.
EBU
European Broadcasting Union.
Factor Analysis
Statistical method that is normally em ployed w ith the intention o f  describing a large 
number o f  variables by means o f  a smaller set o f  variables in order to aid the substantive 
interpretation o f  the data (Dimantopoulos and Schlegelm ilch 1997).
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F-B
Front-baclc spatial mode (see definition o f  spatial mode).
F-F
Front -front spatial m ode (see definition o f  spatial mode).
Five channel surround (3/2 Stereo)
An arrangement for spatial audio reproduction involving three front channels and two 
surround channels (ITU-R 1992-1994).
HF
H igh Frequency.
ICC
Inter-Channel Coherence.
ICLD
Inter-Channel Level D ifference.
ICTD
Inter-Channel Tim e Difference.
Independent Perceptual Attribute
A  word or phrase describing a distinct group o f  perceptual effects, that is unrelated from 
others.
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INDSCAL
Individual D ifferences Scaling. A  derivative o f  classical multidimensional scaling 
analysis (CM DS) w hich takes into account not only inter-subject agreement but also 
disagreement.
ISC
Intensity Stereo Coding.
ISO
International Standards Organization.
ITU-R
International Telecom m unication U n io n -R a d io  Communication.
KLT
Karhunen-Loeve Transform.
LF
Low  Frequency.
LPF
Low-pass Filter.
MANOVA
M ultiple Analysis o f  Variance.
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MLR
M ultiple Linear Regression.
MDS
M ultidimensional Scaling. M ultidimensional scaling w hich is also known as ‘perceptual 
mapping’ is a non-verbal scaling technique in which mathematical based similarity 
ratings are analyzed. The results o f  this analysis are translated into a matrix o f  perceptual 
distances in which the researcher can determine the number o f  salient dimensions and 
map the stimuli in a perceptual space.
MP3
MPEG-1 layer 3.
MPEG
M oving Pictures Experts Group.
MSA
Kaiser-M eyer-Oklin Measure o f  Sampling Adequacy.
MUSHRA
M odified double-blind multi-stimulus w ith hidden reference and hidden anchors.
PC
Principal Component.
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PCA
Principal Component Analysis.
Perceptually Salient Dimensions
The fundamental dim ensions that underlie a set o f  stimuli in an M DS based study.
PLS-R
Partial Least Square Regression.
RGT
Repertory Grid Technique. RGT w as originally created by K elly (1955) as a method for 
eliciting constructs from participants o f  psychological tests. In RGT, individualised  
attribute scales are elicited and an elicitation protocol is specified (see Section 6.1).
RM SE
R oot mean square error.
SAC
Spatial Audio Coding.
Spatial Mode
A  classification made by Zielinski e t a l (2003) which refers to the spatial characteristics 
o f  surround sound recordings. This classification was based on the content o f  both front 
and rear channels. The spatial m odes used in this thesis were: 1) F-B w hich describes 
recordings in which front channels reproduce prominent foreground audio content (close  
and clearly perceived audio sources), whereas rear channels contain primarily
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background audio content (reverberant sounds, unclear, quieter than the front ones); and 
F-F w hich refers to an excerpt where the listener is surrounded by clearly identifiable 
audio sources (predominant foreground audio content in both from front and rear 
channels).
SB R
Spectral Band Replication.
V erbal D escrip tor
A  word or phrase that is used by the participants o f  verbal elicitation experiments with 
the intention o f  describing a characteristic o f  a perceived sound.
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